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ABSTRACT 


The  significant  results  of  a  joint  research  effoit  investigating  the  fundamental  fluid  dynamic 
mechanisms  and  interactions  within  high-speed  separated  flows  are  presented  in  detail.  Hie  results 
have  been  obtained  through  primary  emphasis  on  experimental  investigations  of  missile  and 
projectile  base  flow-related  configurations.  The  objectives  of  the  research  program  focus  on 
understanding  the  component  mechanisms  and  interactions  which  establish  and  maintain  high¬ 
speed  separated  flow  regions. 

The  experimental  efforts  have  considered  the  development  and  use  of  state-of-the-art  laser 
Doppler  velocimeter  (LDV)  and  particle  image  velocimeter  (PFV)  systems  for  experiments  with 
axisymmetric  and  planar,  two-dimensional  models  in  subsonic  and  supersonic  flows.  The  LDV 
experiments  have  yielded  high  quality,  well  documented  mean  and  turbulence  velocity  data  for  a 
variety  of  high-speed  separated  flows  including  the  near-wake  region  behind  a  cylindrical 
afterbody  in  supersonic  flow.  The  PFV  experiments  have  studied  the  effect  of  a  base  cavity  in  a 
two-dimensional,  subsonic  base  flow  and  the  mechanism  of  drag  reduction  for  this  configuration. 
Another  experimental  study  has  considered  the  interaction  occurring  when  a  supersonic  stream  is 
separated  by  means  of  a  second  stream  impinging  the  first  at  an  angle  (plume-induced  separation). 
The  results  of  these  various  studies  have  been  carefully  documented  in  a  series  of  journal  articles, 
conference  proceedings  papers,  and  theses.  The  full  text  of  the  papers  and  thesis  abstracts  are 
included  as  appendices  of  this  report. 


TABLE  OF  CONTENTS 


Page 


I.  INTRODUCTION . 1 

A.  PROBLEM  STATEMENT . 1 

B.  FINAL  TECHNICAL  REPORT  ORGANIZATION . 2 

II.  SUMMARY  OF  RESULTS . 4 

A.l  EFFECTS  OF  A  BASE  CAVITY  ON  SUBSONIC  NEAR- WAKE 

FLOW . 4 

A.l  TWO-STREAM,  SUPERSONIC,  WAKE  FLOWFIELD  BEHIND  A 

THICK  BASE,  PART  I:  GENERAL  FEATURES . 4 

A. 3  APPLICATION  OF  PARTICLE  IMAGE  VELOCIMETRY  IN  HIGH¬ 
SPEED  SEPARATED  FLOWS . 5 

A. 4  AN  INVESTIGATION  OF  LDV  VELOCITY  BIAS  CORRECTION 

TECHNIQUES  FOR  HIGH-SPEED  SEPARATED  FLOWS . 5 

A. 5  SUPERSONIC  BASE  FLOW  EXPERIMENTS  IN  THE  NEAR- 

WAKE  OF  A  CYLINDRICAL  AFTERBODY . 6 

A. 6  EXPERIMENTAL  INVESTIGATION  OF  AN  EMBEDDED 

SEPARATED  FLOW  REGION  BETWEEN  TWO  SUPERSONIC 
STREAMS . 6 

A. 7  AN  EXPERIMENTAL  INVESTIGATION  OF  AXISYMMETRIC 

POWER-OFF  BASE  FLOW  PHENOMENA . 7 

A. 8  DESIGN  OF  A  PARTICLE  IMAGE  VELOCIMETER  FOR  HIGH 

SPEED  FLOWS . 8 

A. 9  DEVELOPMENT  AND  APPLICATION  OF  A  PARTICLE  IMAGE 

VELOCIMETER  FOR  HIGH  SPEED  FLOWS . 8 

A.  10  A  PLUME-INDUCED  BOUNDARY  LAYER  SEPARATION 

EXPERIMENT . 9 

A.ll  STUDY  OF  THE  NEAR- WAKE  STRUCTURE  OF  A  SUBSONIC 

BASE  CAVITY  FLOWFIELD  USING  PIV . 10 

A.ll  AN  EXPERIMENTAL  INVESTIGATION  OF  THE  SUPERSONIC 
AXISYMMETRIC  BASE  FLOW  BEHIND  A  CYLINDRICAL 
AFTERBODY . 10 


Page 


A.  13  DESIGN  AND  VALIDATION  OF  AN  INTERROGATION  SYSTEM 

FOR  PARTICLE  IMAGE  VELOCIMETRY . 11 

A.  14  DEVELOPMENT  AND  APPLICATION  OF  PARTICLE  IMAGE 
VELOCIMETRY  IN  HIGH-SPEED  SEPARATED  FLOW:  TWO- 
DIMENSIONAL  BASE  CAVITIES . 12 

A.  15  AN  EXPERIMENTAL  INVESTIGATION  OF  SUPERSONIC 
AXISYMMETRIC  BASE  FLOWS  INCLUDING  THE  EFFECTS 
OF  AFTERBODY  BOATTAILING . 13 

III.  LIST  OF  PUBLICATIONS . 15 

A.  JOURNAL  ARTICLES . 15 

B.  CONFERENCE  PROCEEDINGS  PAPERS . 15 

C.  THESES . 16 

IV.  LIST  OF  PARTICIPATING  SCIENTIFIC  PERSONNEL  AND  ADVANCED 

DEGREES  EARNED . 17 

A.  FACULTY . 17 

B.  GRADUATE  STUDENTS . 17 

C.  ADVANCED  DEGREES  EARNED . 17 

V.  CONTINUING  AND  FUTURE  RESEARCH  ACTIVITIES . 18 


APPENDIX  A.l  EFFECTS  OF  A  BASE  CAVITY  ON  SUBSONIC  NEAR¬ 
WAKE  FLOW 

APPENDIX  A.2  TWO-STREAM,  SUPERSONIC,  WAKE  FLOWFIELD 
BEHIND  A  THICK  BASE,  PART  1:  GENERAL 
FEATURES 

APPENDIX  A.3  APPLICATION  OF  PARTICLE  IMAGE  VELOCIMETRY 
IN  HIGH-SPEED  SEPARATED  FLOWS 

APPENDIX  A.4  AN  INVESTIGATION  OF  LDV  VELOCITY  BIAS 
CORRECTION  TECHNIQUES  FOR  HIGH-SPEED 
SEPARATED  FLOWS 

APPENDIX  A.5  SUPERSONIC  BASE  FLOW  EXPERIMENTS  IN  THE 
NEAR-WAKE  OF  A  CYLINDRICAL  AFTERBODY 

APPENDIX  A.6  EXPERIMENTAL  INVESTIGATION  OF  AN 

EMBEDDED  SEPARATED  FLOW  REGION  BETWEEN 
TWO  SUPERSONIC  STREAMS 


APPENDIX  A.7  AN  EXPERIMENTAL  INVESTIGATION  OF 
AXISYMMETRIC  POWER-OFF  BASE  FLOW 
PHENOMENA 

APPENDIX  A.8  DESIGN  OF  A  PARTICLE  IMAGE  VELOCIMETER 
FOR  HIGH  SPEED  FLOWS 

APPENDIX  A.9  DEVELOPMENT  AND  APPLICATION  OF  A 

PARTICLE  IMAGE  VELOCIMETER  FOR  HIGH 
SPEED  FLOWS 

APPENDIX  A.IO  A  PLUME-INDUCED  BOUNDARY  LAYER 
SEPARATION  EXPERIMENT 

APPENDIX  A.  11  STUDY  OF  THE  NEAR- WAKE  STRUCTURE  OF  A 

SUBSONIC  BASE  CAVITY  FLOWFIELD  USING  PIV 

APPENDIX  A.  12  AN  EXPERIMENTAL  INVESTIGATION  OF  THE 
SUPERSONIC  AXISYMMETRIC  BASE  FLOW 
BEHIND  A  CYLINDRICAL  AFTERBODY 

APPENDIX  A.  13  DESIGN  AND  VALIDATION  OF  AN  INTERROGA¬ 
TION  SYSTEM  FOR  PARTICLE  IMAGE 
VELOCIMETRY 

APPENDIX  A.  14  DEVELOPMENT  AND  APPLICATION  OF  PARTICLE 
IMAGE  VELOCIMETRY  IN  HIGH-SPEED 
SEPARATED  FLOW:  TWO-DIMENSIONAL  BASE 
CAVITIES 

APPENDIX  A.  15  AN  EXPERIMENTAL  INVESTIGATION  OF 

SUPERSONIC  AXISYMMETRIC  BASE  FLOWS 
INCLUDING  THE  EFFECTS  OF  AFTERBODY 
BOATTAILING 


I.  INTRODUCTION 


A.  PROBLEM  STATEMENT 

This  report  describes  an  ongoing  research  effort  funded  by  the  U.S.  Army  Research  Office 
to  investigate  the  fundamental  fluid  dynamic  mechanisms  and  interactions  within  high-speed 
separated  flows  with  particular  attention  paid  to  the  projectile  and  missile  base  flow  problem.  The 
overall  effort  has  concentrated  on  detailed  experimental  investigations  aimed  at  gaining  a  more 
insightful  understanding  of  the  fundamental  fluid  dynamic  mechanisms  existing  in  the  near-wake 
flowfield.  The  investigations  of  separated  flow  problems  have  been  focused  on  missile  and 
projectile  afterbody  and  base  flows  and  on  the  interactions  between  the  base  and  body  flows. 

Professors  J.  C.  Dutton  and  A.  L.  Addy  and  their  graduate  students  at  the  University  of 
Illinois  at  Urbana-Champaign  have  conducted  this  series  of  experiments  on  two-dimensional  and 
axisymmetric  base  flow  configurations  utilizing  a  number  of  diagnostic  techniques.  These  include: 
schlieren  and  shadowgraph  photography,  surface  streakline  visualization,  mean  and  fluctuating 
pressure  measurements,  two-component  laser  Doppler  velocimeter  (LDV)  measurements,  and 
particle  image  velocimeter  (PIV)  measurements.  This  information  concerning  the  mean  and 
fluctuating  characteristics  of  the  flowflelds  in  and  around  the  embedded  separated  flow  regions 
have  been  used  to  characterize  base  flows  at  both  subsonic  and  supersonic  speeds. 

The  purpose  of  this  final  technical  report  is  to  collect  and  present,  in  their  entirety  or  by 
summary  and  reference,  the  research  findings  for  the  near-wake  base  flow  problem  and  related 
problems  that  have  been  investigated  under  the  research  sponsorship  of  the  U.S.  Army  Research 
Office  through  Grant  Number  DAAL03-90-G-0021.  The  Technical  Monitor  for  this  research  has 
been  Dr.  Thomas  L.  Doligalski,  Chief,  Fluid  Dynamics  Branch,  Engineering  and  Environmental 
Sciences  Division.  The  authors  of  this  report  and  their  graduate  student  researchers  are  deeply 
indebted  to  Dr.  Doligalski  for  his  support  and  technical  comments  and  suggestions  during  the 
course  of  these  studies.  The  research  group  is  also  indebted  to  Dr.  Robert  E.  Singleton,  Director, 


Engineering  and  Environmental  Sciences  Division,  for  his  long-term  interest  and  support  of  th'S 
research  program. 

In  all  cases,  where  the  experimental  efforts  have  yielded  significant  or  new  results,  the 
information  has  been  presented  at  professional  meetings  and/or  published  in  the  archival  literature 
by  the  individual  researchers.  This  final  report  highlights  this  work  and  includes  copies  of  the 
appropriate  publications  for  completeness.  In  the  case  of  master's  and  doctoral  degree  theses, 
which  are  generally  quite  long  and  detailed,  a  summary  of  the  theses  is  provided  and  the 
appropriate  reference  to  the  full  document  is  given.  In  nx)st  cases,  the  conference  and/or  archival 
publications  are  based  upon  the  detailed  work  reported  in  these  theses. 

B .  FINAL  TECHNICAL  REPORT  ORGANIZATION 

The  overall  organization  of  this  report  details  the  major  accomplishments  of  the  research 
group  during  the  three-year  period  of  ARO  sponsorship.  Each  research  investigation  is  described 
in  brief  detail  and  the  associated  published  literature  is  included  in  an  appendix.  The  inclusion  of  a 
copy  of  the  published  literature  is  intended  to  ease  the  burden  on  the  reader  for  obtaining 
symposium  proceedings  and  other  publications  which  tend  to  be  difficult  to  obtain. 

The  relatively  brief  "text"  of  this  final  technical  report  has  been  outlined  and  organized  to 
provide  quick  reference  to  a  particular  topic  of  interest.  Most  of  the  research  results  have  been 
made  available  through  organized  meetings  and  publications  of  the  American  Institute  of 
Aeronautics  and  Astronautics  (AIAA).  In  those  instances  when  a  detailed  paper  is  available,  only  a 
brief  description  is  given  and  the  reader  is  referred  to  the  appropriate  appendix  for  further  details. 

After  the  summary  of  research  results,  the  next  two  sections  of  the  report  provide  lists  of 
several  administrative  quantities  related  to  the  current  research  grant.  These  include  the  journal 
articles  published,  conference  proceedings  papers,  graduate  student  theses,  faculty  and  graduate 
student  participants,  and  advanced  degrees  earned. 

Once  the  research  topics  and  administrative  matters  have  been  discussed  and  listed,  the 
continuing  and  future  research  activities  of  the  group  are  described.  The  strong  commitment  of  this 
research  group  towards  developing  an  understanding  of  the  base  flow  problem  is  evidenced  by  the 


2 


multi-year  development  aiiu  assembly  of  advanced  experimental  equipment  that  will  provide  well- 
documented  data  for  the  ongoing  analytical  and  computational  work  of  other  researchers. 
Although  this  final  technical  repon  summarizes  our  current  three-year  effort,  our  research  group  is 
continuing  to  investigate  th>‘  '-use  flow  problem  and  anticipates  further  significant  contributions  to 
the  understanding  of  the  fundamental  mechanisms  and  interactions  within  high-speed  separated 
flows.  These  ongoing  and  future  research  activities  are  described  briefly  in  the  last  section  of  the 
report. 
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n.  SUMMARY  OF  RESULTS 


This  section  summarizes  the  results  of  the  ongoing  research  program  concerned  with  fluid 
dynamic  mechanisms  and  interactions  occurring  in  high-speed  separated  flows.  In  each  section 
below,  the  nwst  important  results  are  abstracted  from  the  journal  articles,  conference  proceedings 
papers,  and  graduate  student  theses  that  have  been  completed  under  the  support  of  this  research 
grant. 

A.l  EFFECTS  OF  A  BASE  CAVITY  ON  SUBSONIC  NEAR- WAKE  FLOW 

An  experimental  investigation  has  been  conducted  to  study  the  effects  of  a  base  cavity  on 

the  near-wake  flowfield  of  a  slender,  two-dimensional  body  in  the  subsonic  speed  range.  Three 

base  configurations  were  investigated  and  compared:  a  blunt  base,  a  shallow  rectangular  cavity 

base  of  depth  equal  to  one-half  the  base  hei^t,  and  a  deep  rectangular  cavity  base  of  depth  equal  to 

one  base  height.  Each  configuration  was  studied  at  three  freestream  Mach  numbers  ranging  from 

the  low  to  high  subsonic  range.  Schlieren  photographs  revealed  that  the  basic  qualitative  structure 

of  the  vortex  street  was  unmodified  by  the  presence  of  a  base  cavity.  However,  the  vortex  street 

was  weakened  by  the  base  cavity  apparently  due  to  the  enhanced  fluid  mixing  occurring  at  the 

entrance  of  the  cavity.  The  weaker  vortex  street  yielded  higher  pressures  in  the  near  wake  for  the 

cavity  bases,  increases  in  the  base  pressure  coefficients  on  the  order  of  10-14%,  and  increases  in 

the  shedding  frequencies  on  the  order  of  4-6%  relative  to  the  blunt-based  configuration.  The 

majority  of  the  observed  changes  occurred  in  going  from  the  blunt  base  to  the  shallow  cavity  base. 

The  complete  text  of  this  paper  may  be  found  in  Appendix  A.  1 . 

A. 2  TWO-STREAM,  SUPERSONIC,  WAKE  FLOWFIELD  BEHIND  A  THICK 

BASE,  PART  I;  GENERAL  FEATURES 

An  experimental  investigation  of  the  complex  interaction  region  generated  by  the  separation 
of  two  supersonic  streams  past  a  finite-thickness  base  has  been  conducted  in  a  two-dimensional 
wind  tunnel.  The  data  were  obtained  using  schlieren  photography,  pressure  measurements,  and 
two-component  laser  Doppler  velocimeter  measurements.  The  shear-layer  mixing  regions  are 
characterized  by  initially  constant-pressure  mixing,  by  an  evolution  of  velocity  profiles  from 


truncated  boundary-layer  shapes  to  wakelike  profiles  farther  downstream,  and  by  relatively  high 
levels  of  turbulence.  The  separated  flow  region  is  characterized  by  large  reverse  flow  velocities 
and  strong  interactions  with  the  low-velocity  regions  of  both  shear  layers.  Turbulence  intensities 
and  kinematic  Reynolds  stresses  are  strongly  affected  by  the  separation  process  at  the  base  and 
increase  greatly  in  the  latter  portions  of  the  two  shear  layers  and  in  the  recompression  region. 
Recovery  of  the  mean  velocity  field  in  the  redeveloping  wake  occurs  quickly,  while  the  turbulence 
field  remains  perturbed  to  the  furthest  streamwise  location  investigated. 

The  complete  text  of  this  paper  may  be  found  in  Appendix  A.2. 

A. 3  APPLICATION  OF  PARTICLE  IMAGE  VELOCIMETRY  IN  HIGH-SPEED 

SEPARATED  FLOWS 

A  particle  image  velocimetry  (PIV)  system  has  been  developed  for  use  in  high-speed 
separated  air  flows.  The  complete  system  was  developed  to  improve  the  spatial  resolution  and 
accuracy  of  the  PIV  technique  as  applied  in  high-speed  compressible  flows  and  is  the  first  to 
incorporate  both  bireftingent  image  shifting  and  submicron  seed  particles  for  analysis  of  separated 
flowfields.  The  system  has  been  proven  in  preliminary  experiments  using  a  simple  low-speed 
round  jet  flow  and  has  been  validated  for  accuracy  with  both  known  displacement  simulated  PIV 
photographs  and  with  uniform  flow  experiments  at  Mach  0.5  (170  m/s)  for  comparison  with 
pressure  and  laser  Doppler  velocimeter  data.  PIV  data  have  also  been  obtained  in  the  separated 
wake  region  behind  a  two-dimensional  base  model  in  a  Mach  0.4  freestream  flow  (135-220  m/s) 
with  resolution  of  velocity  in  l.O-mm^  regions,  revealing  features  of  the  von  Karman  vortex  street 
wake  and  underlying  small-scale  turbulence. 

The  complete  text  of  this  paper  may  be  found  in  Appendix  A.3. 

A. 4  AN  INVESTIGATION  OF  LDV  VELOCITY  BIAS  CORRECTION 

TECHNIQUES  FOR  HIGH-SPEED  SEPARATED  FLOWS 

An  experimental  study  of  the  effects  of  velocity  bias  in  single  realization  laser  Doppler 
velocimetry  measurements  in  a  high-speed,  separated  flow  environment  is  reported.  The  objective 
of  the  study  is  to  determine  a  post-facto  correction  method  which  reduces  velocity  bias  after 
individual  realization  data  have  been  obtained.  Data  are  presented  for  five  velocity  bias  correction 
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schemes:  inverse  velocity  magnitude  weighting,  interarrival  time  weighting,  sample  and  hold 
weighting,  residence  time  weighting,  and  the  velocity-data  rate  correlation  method.  These  data 
were  compared  to  a  reference  measurement  (saturable  detector  sampling  scheme);  the  results  show 
that  the  interarrival  time  weighting  method  compares  favorably  with  the  refemce  measurement 
under  the  present  conditions. 

The  complete  text  of  this  paper  may  be  fouml  in  Appendix  A.4. 

A. 5  SUPERSONIC  BASE  FLOW  EXPERIMENTS  IN  THE  NEAR- WAKE  OF  A 

CYLINDRICAL  AFTERBODY 

The  near-wake  of  a  circular  cylinder  aligned  with  a  uniform  Mach  2.5  flow  has  been 
experimentally  investigated  in  a  wind  tunnel  designed  solely  for  this  purpose.  Mean  static  pressure 
measurements  were  used  to  assess  the  radial  dependence  of  the  base  pressure  and  the  mean 
pressure  field  approaching  separation.  In  addition,  two-component  laser  Doppler  velocimeter 
(LDV)  measurements  were  obtained  throughout  the  near-wake  including  the  large  separated  region 
downstream  of  the  base.  The  primary  objective  of  the  research  was  to  gain  a  better  understanding 
of  the  complex  fluid  dynamic  processes  found  in  supersonic  base  flowfields  including  separation, 
shear  layer  development,  reattachrnent  along  the  axis  of  symmetry,  and  subsequent  development  of 
the  wake.  Results  indicate  relatively  large  reverse  velocities  and  uniform  turbulence  intensity  levels 
in  the  separated  region.  The  separated  shear  layer  is  characterized  by  high  turbulence  levels  with  a 
strong  peak  in  the  inner,  subsonic  region  which  eventually  decays  through  reattachment  as  the 
wake  develops.  A  global  maximum  in  turbulent  kinetic  energy  and  Reynolds  shear  stress  is  found 
upstream  of  the  reattachment  point  which  is  in  contrast  to  data  from  the  reattachment  of  a 
supersonic  shear  layer  onto  a  solid  wall. 

The  complete  text  of  this  paper  may  be  found  in  Appendix  A.5. 

A. 6  EXPERIMENTAL  INVESTIGATION  OF  AN  EMBEDDED  SEPARATED 

FLOW  REGION  BETWEEN  TWO  SUPERSONIC  STREAMS 

The  complex  interaction  region  generated  by  the  separation  of  two  supersonic  streams  past 
a  finite-thickness  base  occurs  frequently  in  high-speed  flight  and  is  characteristic  of  the  aft-end 
flowfield  of  a  powered  missile.  An  experimental  investigation  was  conducted  in  which  a  flowfield 
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of  this  type  was  modeled  in  a  two-dimensional  wind  tunnel  The  data  was  obtained  using  schlieien 
photography,  pressure  measurements,  and  two-component  laser  Doppler  velocimeter  (LDV) 
measurements.  The  shear  layer  mixing  regions  were  characterized  by  initially  constant-pressure 
mixing,  by  an  evolution  of  velocity  profiles  from  truncated  boundary  layer  shapes  to  wake-like 
profiles  farther  downstream,  and  by  relatively  high  levels  of  turbulence.  The  separated  flow  region 
was  characterized  by  large  negative  velocities  and  strong  interactions  with  the  low-velocity  regions 
of  both  shear  layers.  Turbulence  intensities  and  kinematic  Reynolds  stresses  were  increased 
greatly  in  the  latter  portions  of  the  two  shear  layers  and  in  the  recompression  region.  Recovery  of 
the  mean  velocity  field  in  the  redeveloping  wake  occurred  quickly,  while  the  turbulence  field 
remained  perturbed  to  the  furthest  streamwise  location. 

The  complete  text  of  this  paper  may  be  found  in  Appendix  A.6. 

A. 7  AN  EXPERIMENTAL  INVESTIGATION  OF  AXISYMMETRIC  POWER- 

OFF  BASE  FLOW  PHENOMENA 

An  experimental  program  has  been  conducted  to  study  the  flowfield  behind  a  blunt-based 
body  of  revolution  embedded  in  a  supersonic  freestream.  The  experiments  have  been  conduaed  in 
a  newly-designed  axisymmetric  wind  tunnel  facility  at  a  nominal  approach  Mach  number  of  2.5.  A 
cylindrical  sting  aligned  with  the  axis  of  the  wind  tunnel  provided  the  physical  model  for  the  study. 
Qualitative  flowfield  information  was  obtained  with  spark-schlieren  photography  and  surface  oil 
visualization.  Mean  wall  static  pressure  measurements  were  made  across  the  base  and  along  the 
sting  parallel  to  the  wind  tunnel  axis.  Nineteen  pressure  taps  were  concentrated  across  the  base  to 
properly  assess  the  dependence  of  local  base  pressure  on  radial  location.  The  sting  boundary  layer 
profile  and  nozzle  exit  flow  uniformity  were  measured  by  a  one-comj)onent  laser  Doppler 
velocimetry  (LDV)  system.  The  base  pressure  measurements  indicate  only  a  small  dependence  on 
radial  location.  Interference  waves  generated  at  the  junction  of  the  nozzle  exit  and  test  section  were 
found  to  have  a  large  effect  on  the  base  pressure  profile  at  certain  operating  conditions  but  could  be 
eliminated  by  proper  operation  of  the  tunnel. 

The  complete  text  of  this  paper  may  be  found  in  Appendix  A.7. 


A. 8  DESIGN  OF  A  PARTICLE  IMAGE  VELOCIMETER  FOR  HIGH  SPEED 

FLOWS 

A  particle  image  velocimetry  (PIV)  system  has  been  developed  for  use  as  a  non-intiusive 
laser  diagnostic  tool  to  ctxnplement  laser  Doppler  velocimetry  (LDV)  in  high  speed  (transonic  and 
supersonic)  wind  tunnel  studies.  The  PFV  system  is  capable  of  extracting  instantaneous  two- 
dimensi  :al  velocity  maps  within  a  flow  by  recording  double  images  of  seed  panicles  on 
photographic  fllm  and  then  examining  the  local  displacement  of  particle  images  to  determine 
velocity  vectors.  The  image  acquisition  system  uses  two  high  power  pulsed  Nd:YAG  lasers 
focused  into  a  thin  light  sheet  to  illuminate  seed  particles  for  recording  on  either  35  mm  or  4"  x  5" 
format  film,  with  control  of  seeders,  lasers,  and  the  camera  shutter  performed  by  a  Macintosh  11 
computer.  Interrogation  of  the  double-exposed  photographs  to  extract  velocity  informaticHi  is  done 
on  an  image  processing  system  based  on  a  50  MHz  Macintosh  workstation,  a  HeNe  laser  for 
illumination,  automated  positioners  to  handle  the  film,  and  a  CCD  array  camera.  The  design  of  the 
acquisition  system,  including  special  considerations  for  PIV  in  high  speed  flows,  is  discussed. 
The  theory  and  design  of  the  interrogation  system  are  also  described.  Finally,  results  from  the 
cases  used  to  validate  and  demonstrate  the  PIV  system  arc  presented. 

The  complete  text  of  this  paper  may  be  found  in  Appendix  A.8. 

A. 9  DEVELOPMENT  AND  APPLICATION  OF  A  PARTICLE  IMAGE 

VELOCIMETER  FOR  HIGH  SPEED  FLOWS 

A  particle  image  velocimetry  (PIV)  system  has  been  developed  for  use  in  high-speed 
separated  air  flows.  The  image  acquisition  system  uses  two  550  mJ/pulse  Nd:YAG  lasers  and  is 
fully  controlled  by  a  host  Macintosh  computer.  The  interrogation  system  is  also  Macintosh-based 
and  performs  interrogations  at  approximately  2.3  sec/spot  and  4.0  sec/spot  when  using  the 
Young's  fringe  and  autocorrelation  methods,  respectively.  The  system  has  been  proven  in 
preliminary  experiments  using  known-displacement  simulated  PIV  photographs  and  a  simple 
axisymmetric  jet  flow.  Further  results  have  been  obtained  in  a  transonic  wind  tunnel  operating  at 
Mach  0.4  to  0.5  (135  m/s  to  170  m/s).  PIV  experiments  were  done  with  an  empty  test  section  to 
provide  uniform  flow  data  for  comparison  with  pressure  and  LDV  data,  then  with  a  two- 
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dimensional  base  model,  revealing  features  of  the  von  Kirmin  vortex  street  wake  and  underlying 
small  scale  turbulence. 

The  conq)lete  text  of  this  paper  may  be  found  in  Appendix  A.9. 

A.  10  A  PLUME-INDUCED  BOUNDARY  LAYER  SEPARATION  EXPERIMENT 

The  current  paper  describes  an  experimental  investigation  of  a  plume-induced  boundary 
layer  separation  (PIBLS)  flowfield  produced  by  the  interaction  between  two  nonparallel, 
supersonic  streams  in  the  presence  of  a  finite  thickness  base.  The  purpose  of  the  study  is  to  gain  a 
better  understanding  of  the  extent  to  which  the  fluid  dynamic  mechanisms  and  interactions  present 
in  the  PIBLS  flowfield  influence  the  turbulence  properties  of  the  flow.  A  two-stream,  supersonic 
wind  tunnel,  incorporating  a  two-dimensional  planar  geometry  and  operating  in  the  blowdown 
mode,  was  specifically  designed  to  produce  a  PIBLS  flowfield.  Preliminary  experiments  have 
demonstrated  that  the  wind  tunnel  is  capable  of  producing  a  wide  range  of  PIBLS  flowfields  by 
simply  regulating  the  stagnation  pressure  of  the  lower  stream  (jet  flow)  relative  to  the  upper  stream 
(freestream  flow).  One  PIBLS  flowfield  has  been  chosen  in  which  to  conduct  a  detailed  set  of 
measurements.  This  flowfield  has  its  separation  point  located  about  6So  upstream  of  the  base 
comer.  A  detailed  study  of  this  PIBLS  flowfield  is  underway  using  schlieren  photography  and 
shadowgraph  pictures,  surface  streakline  visualization,  surface  static  pressure  measurements,  and 
two-component,  coincident  LDV  measurements. 

Unfortunately,  the  separation  shock  wave  associated  with  the  PIBLS  flowfields  is 
unsteady.  The  streamwise  extent  of  the  unsteadiness  was  estimated  from  schlieren  observation  to 
be  on  the  order  of  several  boundary  layer  thicknesses.  This  unsteadiness  poses  a  problem  when 
making  LDV  measurements  because  it  is  impossible  to  distinguish  between  velocity  fluctuations 
caused  by  the  turbulent  eddies  and  velocity  fluctuations  caused  by  the  gross  movement  of  the 
separated  region.  Fortunately,  this  problem  is  not  insurmountable.  A  conditional  sampling 
technique  for  acquiring  and  analyzing  the  LDV  data  is  currently  under  development  using  surface 
static  pressure  measurements  taken  from  fast-response  pressj’re  transducers  as  a  means  of  tracking 
the  separation  shock  wave  motion.  This  technique  effectively  reduces  the  length  scale  of  the 
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unsteadiness  by  eliminating  from  the  data  analysis  any  LDV  measurements  that  are  reccoded  when 
die  shock  wave  is  outside  the  region  confined  between  the  two  pressure  transducers. 

The  complete  text  of  this  paper  may  be  found  in  Appendix  A.  10. 

A.  11  STUDY  OF  THE  NEAR-WAKE  STRUCTURE  OF  A  SUBSONIC  BASE 

CAVITY  FLOWFIELD  USING  PIV 

A  new  particle  image  velocimetry  (PIV)  system  has  been  used  to  study  the  near-wake 
structure  of  a  two-dimensional  base  in  subsonic  flow  in  order  to  determine  the  fluid  dynamic 
mechanisms  of  observed  base  drag  reduction  in  the  presence  of  a  base  cavity.  Experiments  were 
done  over  a  range  of  freestream  Mach  numbers  up  to  0.8,  including  local  flowfield  velocities  over 
3(X)  m/s.  Effects  of  the  base  cavity  on  the  von  Ktirmin  vortex  street  wake  were  found  to  be  related 
to  the  expansion  and  diffusion  of  vortices  near  the  cavity,  although  the  effects  are  of  small 
magnitude  and  no  significant  change  in  the  vortex  formation  location  or  path  was  observed.  The 
base  cavity  effects  are  also  less  significant  at  higher  freeso'eam  velocities  due  to  the  formation  of 
vortices  further  downstream  from  the  base.  The  base  cavity  drag  reduction  was  found  to  be  mainly 
due  to  the  displacement  of  the  base  surface  to  a  location  upstream  of  the  low-pressure  wake 
vortices,  with  only  a  slight  modification  in  the  vortex  street  itself. 

The  complete  text  of  this  paper  may  be  found  in  Appendix  A.l  1. 

A. 12  AN  EXPERIMENTAL  INVESTIGATION  OF  THE  SUPERSONIC 

AXISYMMETRIC  BASE  FLOW  BEHIND  A  CYLINDRICAL  AFTERBODY 

An  experimental  investigation  nr.s  been  conducted  to  study  the  flowfield  behind  a  blunt- 
based  circular  cylinder  aligned  with  a  supersonic  freestream.  The  experiments  have  been 
conducted  in  a  newly  designed  axisymmetric  wind  tunnel  facility  at  a  nominal  approach  Mach 
number  of  2.5.  A  cylindrical  sting  aligned  with  the  axis  of  the  wind  tunnel  provided  the  physical 
support  for  the  bases  and  afterbodies.  Qualitative  flowfield  information  was  obtained  with  spark- 
schlieren  photography  and  surface  oil  visualization.  Mean  wall  static  pressure  measurements  were 
made  across  the  base  and  along  the  sting  parallel  to  the  wind  tunnel  axis.  A  two-component  laser 
Doppler  velocimeter  (LDV)  system  was  used  to  document  the  mean  and  turbulent  velocity  fields 
near  the  shear  layer  reattachment  point.  In  addition,  the  nozzle  approach  flowfield  including  the 
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sting  boundary  layer  profile  was  measured  with  a  one-component  LX)V  configuration.  The  base 
pressure  measurements  indicated  only  a  small  dependence  on  radial  location  with  an  average  base 
pressure  coefficient  of  -0.102.  Interference  waves  generated  at  the  junction  of  the  nozzle  exit  and 
test  section  were  found  to  have  a  large  effect  on  the  base  pressure  profile  at  certain  operating 
conditions  but  could  be  eliminated  by  proper  opertuion  of  the  tunnel.  The  shear  layer  reattachment 
point  was  found  to  lie  1.4  base  diameters  downstream  of  the  base  plane.  The  entire  region 
surrounding  the  reattachment  point  was  characterized  by  large  turbulence  intensities  and  steep 
radial  velocity  gradients. 

The  complete  manuscript  of  this  thesis  is  available  fnxn  the  authors  of  this  repcwt. 

A.  13  DESIGN  AND  VALIDATION  OF  AN  INTERROGATION  SYSTEM  FOR 

PARTICLE  IMAGE  VELOCIMETRY 

A  particle  image  velocimetry  (PIV)  system  has  been  developed  for  use  as  a  non-intrusive 
laser  diagnostic  tool  to  complement  laser  Doppler  velocimetry  (LDV)  in  high  speed  (transonic  and 
supersonic)  wind  tunnel  studies.  The  PIV  system  is  capable  of  extracting  instantaneous  two- 
dimensional  velocity  maps  within  a  flow  by  recording  double  images  of  seed  particles  on 
photographic  film  and  then  examining  the  local  displacement  of  particle  images  to  determine 
velocity  vectors.  The  image  acquisition  system  uses  two  high  power  pulsed  Nd:YAG  lasers 
focused  into  a  thin  light  sheet  to  illuminate  seed  particles  for  recording  on  either  35  mm  or  4"  x  5” 
format  film,  with  control  of  seeders,  lasers,  and  the  camera  shutter  performed  by  a  Macintosh  II 
computer.  Intenogation  of  the  double-exposed  photographs  to  extract  velocity  information  is  done 
on  an  image  processing  system  based  on  a  50  MHz  Macintosh  workstation,  a  HeNe  laser  film 
illumination  source,  automated  positioners  to  handle  the  film,  and  a  CCD  array  camera.  The 
design  of  the  acquisition  system,  including  special  considerations  for  PIV  in  high  speed  flows,  is 
discussed.  The  theory  and  design  of  the  interrogation  system  is  described  in  detail.  Finally, 
results  from  the  cases  used  to  validate  and  demonstrate  the  PIV  system  are  presented. 

The  complete  manuscript  of  this  thesis  is  available  from  the  authors  of  this  report. 
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A.14  DEVELOPMENT  AND  APPLICATION  OF  PARTICLE  IMAGE 

VELOCIMETRY  IN  HIGH-SPEED  SEPARATED  FLOW:  TWO- 

DIMENSIONAL  BASE  CAVITIES 

A  new  particle  image  velocimetry  (PIV)  system  has  been  developed  to  obtain  two- 
dimensional  instantaneous  velocity  data  over  a  planar  region  in  high-speed  separated  flows  for  the 
quantitative  analysis  of  turbulent  and  unsteady  flow  structures.  This  PIV  system  is  the  first  of  its 
type  to  incorporate  sub-micron  seed  particles  and  bireflingent  image  shifting  for  the  resolution  of 
flow  velocity  in  separated  regions.  The  system  was  also  developed  with  improved  in-plane  spatial 
resolution  over  previous  high-speed  flow  PIV  applications  by  using  a  1.0  mm^  interrogation 
region  (in  flowfield  dimensions)  for  each  independ^t  velocity  measurement  The  system  has  been 
proven  in  preliminary  experiments  using  a  simple  low-speed  round  jet  flow  and  has  been  validated 
for  accuracy  with  both  known-displacement  simulated  PIV  photographs  and  uniform  flow 
experiments  at  Mach  0.5  (170  m/s)  for  comparison  to  pressure  and  laser  Doppler  velocimeter 
(LDV)data. 

The  PIV  system  was  also  used  in  a  study  of  the  near- wake  structure  of  a  two-dimensional 
base  in  subsonic  flow.  This  application  was  chosen  in  order  to  determine  the  fluid  dynamic 
mechanism  of  the  observed  base  drag  reduction  in  the  presence  of  a  base  cavity.  Experiments  were 
done  over  a  range  of  freestream  Mach  numbers  up  to  0.8,  including  local  flowfield  velocities  up  to 
300  m/s.  Effects  of  the  base  cavity  on  the  von  K^rmdn  vortex  street  wake  were  found  to  be  related 
to  the  expansion  and  diffusion  of  vortices  near  the  cavity,  although  the  effects  are  of  small 
magnitude  and  no  significant  change  of  the  vortex  formation  location  or  path  was  observed.  The 
base  cavity  effects  are  also  less  significant  at  higher  freestream  velocities  due  to  the  formation  of 
vortices  further  downstream  from  the  base.  The  base  cavity  drag  reduction  was  found  to  be  mainly 
due  to  the  displacement  of  the  base  surface  to  a  location  upstream  of  the  low-pressure  wake 
vortices,  with  only  a  slight  modification  in  the  vortex  street  itself. 

The  complete  manuscript  of  this  thesis  is  available  from  the  authors  of  this  report. 
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A.15  AN  EXPERIMENTAL  INVESTIGATION  OF  SUPERSONIC 

AXISYMMETRIC  BASE  FLOWS  INCLUDING  THE  EFFECTS  OF 

AFTERBODY  BOATTAILING 

An  experimental  investigation  of  the  near-wake  flowfield  downstream  of  blunt-based 
axisymmetric  bodies  in  supersonic  flow  has  been  conducted.  Using  a  blowdown-type  wind  tunnel 
designed  specifically  for  this  purpose,  experiments  were  conducted  at  a  nominal  ^proach  Mach 
number  of  2.5  and  a  unit  Reynolds  number  of  51  (10^)  per  meter.  Two  different  axisymmetric 
afterbodies  were  examined  in  the  study:  a  circular  cylinder  was  used  as  a  baseline  configuration, 
and  a  conical  boattailed  afterbody  with  a  boattail  angle  of  five  degrees  and  a  boattail  length  of  one 
afterbody  radius  was  used  to  investigate  the  effects  of  afterbody  boattailing  on  the  fluid  dynamic 
processes  in  the  near-wake.  Neither  afterbody  contained  a  central  jet  so  that  the  base  flowfield  in 
unpowered,  supersonic  flight  was  simulated.  The  primary  objective  of  the  research  program  was 
to  enhance  the  understanding  of  the  fluid  dynamic  processes  inherent  to  axisymmetric  base  flows 
by  obtaining  and  analyzing  detailed,  non-intrusive  experimental  data  including  flow  visualization 
photographs,  static  pressure  measurements,  and  mean  velocity  and  mrbulence  data  throughout  the 
near-wake.  Of  special  significance  in  the  current  research  is  the  detailed  turbulence  information 
obtained  with  laser  Doppler  velocimetry  (LDV)  since  these  data  are  virtually  nonexistent  in 
supersonic  base  flows  and  provide  new  insight  into  the  physics  of  these  complex  flows.  In 
addition,  the  present  data  form  a  substantial  data  base  which  can  be  used  to  advance  and  improve 
theoretical  and  numerical  base  flow  modeling  techniques. 

The  static  pressure  measurements  on  the  base  and  afterbody  of  each  model  indicate  a 
relatively  constant  pressure  across  the  base  with  the  addition  of  the  boattail  resulting  in  a  decrease 
in  the  base  drag  coefficient  of  16%  from  the  baseline  cylindrical  afterbody.  The  net  afterbody  drag 
coefficient  (boattail  +  base  contributions)  was  reduced  by  21%  which  shows  the  usefulness  of 
afterbody  boattailing  as  a  practical  method  to  reduce  afterbody  drag  in  supersonic,  axisymmetric 
flow.  The  mean  velocity  and  turbulence  fields  in  the  near-wake  of  each  afterbody  were 
investigated  with  LDV.  In  general,  the  near-wake  flowfield  can  be  characterized  by  large 
turbulence  levels  in  the  separated  shear  layer,  relatively  large  reverse  velocities  in  the  recirculation 
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region,  and  gradual  recompiession/realigmnent  processes  as  the  shear  layer  converges  on  the  axis 
of  symmetry.  The  shear  layer  development  was  found  to  be  dependent  on  the  conditions 
immediately  downstream  of  the  base  comer  separation  point  (upstream  history  effect). 
Furthermore,  the  centered  expansion  at  the  base  comer  reduced  the  turbulence  levels  in  the  outer 
region  of  the  shear  layer  relative  to  the  approach  boundary  layer  but  enhanced  the  mixing  and 
entrainment  along  the  fluid-fluid  interface  between  the  shear  layer  and  the  recirculating  region 
which  results  in  large  turbulence  levels  along  the  inner  edge  of  the  shear  layer.  The  shear  layer 
growth  rate  is  initially  large  due  to  substantial  mass  entrainment  from  the  recirculation  region  near 
the  inner  edge,  but  further  downstream,  a  self-similar  state  is  reached  where  growth  rates  are 
significandy  reduced.  In  general,  the  effects  of  afterbody  boattailing  on  the  near-wake  flowfield 
include  a  weaker  expansion  at  the  base  comer  separation  point  (less  distortion  of  the  shear  layer 
and  reduced  turbulence  production  near  ihe  inner  edge),  reduced  turbulence  intensity  and  Reynolds 
shear  stress  levels  throughout  the  near-wake  (reduced  mass  entrainment  along  the  length  of  the 
shear  layer  resulting  in  a  higher  base  pressure),  and  a  mean  velocity  field  which  is  qualitatively 
similar  to  that  of  the  cylindrical  afterbody. 

The  complete  manuscript  of  this  thesis  is  available  frcwn  the  authors  of  this  report. 
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V.  CONTINUING  AND  FUTURE  RESEARCH  ACTIVITIES 


As  a  result  of  continued  funding  by  the  U.S.  Army  Research  Office,  the  investigation 
reported  on  herein  will  be  continued  for  an  additional  three-year  period.  Future  studies  will  build 
on  our  experience  over  the  last  several  years  of  experimentally  investigating  several  fundamental 
high-speed  separated  flow  configurations  that  have  particular  relevance  to  projectile  and  missile 
base  flows.  As  discussed  in  this  report,  flowtields  studied  in  the  past  include  the  near-wake  region 
of  a  cylindrical  afterbody,  plume-induced  boundary  layer  separation,  and  near-wake  flowfield 
modifications  due  to  the  presence  of  a  base  cavity.  The  previous  measurements  included 
conventional  schlieren  and  shadowgraph  photography,  surface  streakline  visualization,  mean  and 
fluctuating  static  pressure  measurements,  with  major  emphasis  on  two-component,  coincident  laser 
Doppler  velocimetry  (LDV)  and  particle  image  velocimetry  (PIV)  measurements.  In  addition  to 
pointwise  measurements,  the  ongoing  work  will  emphasize  the  further  development  and 
implementation  of  planar  diagnostic  techniques,  such  as  Mie  scattering  light  sheet  visualization  and 
PrV,  in  order  to  address  such  questions  as  the  existence  and  role  of  large-scale  turbulent  structures 
in  these  flows,  mechanisms  of  entrainment,  mixing,  reattachment,  and  redevelopment,  the 
instantaneous  structure  of  these  flowfields,  etc.  Brief  descriptions  of  the  specific  experimental 
studies  to  be  conducted  in  the  ongoing  research  program  are  given  below. 

The  continuing  experimental  research  effort  consists  of  three  interrelated  projects  whose 
overall  goal  is  to  quantify  and  better  understand  the  complex  features  and  interactions  that  occur  in 
separated  high-speed  flows.  The  results  of  these  studies  will  be  of  substantial  benefit  to  the  U.S. 
Army  in  a  number  of  applications,  most  directly  for  improved  prediction  and  design  of  the  flight 
characteristics  of  projectiles  and  missiles  through  a  better  understanding  of  the  features  of  the 
separated  base  flow  region  of  these  devices. 

In  the  first  project,  two  commonly  used  drag  reduction  techniques  for  supersonic 
axisymmetric  base  flows  will  be  investigated,  boattailing  and  base  bleed.  Detailed  mean  and 
turbulent  velocity  measurements  will  be  obtained  in  the  near-wake  regions  for  each  case  using  laser 
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Doppler  velocimetry.  Emphasis  will  be  placed  on  determining  the  statistical  description  of  the 
initial  shear  layer  formation  process  at  separation,  the  growth  and  development  of  the  shear  layer, 
the  flow  patterns  occurring  in  the  separated  region,  the  recompression/reattachment  phenomena 
near  the  rear  stagnation  point,  and  the  redevelopment  of  the  trailing  wake.  The  effects  of 
boattailing  and  base  bleed  on  these  processes  will  also  be  examined  by  comparison  to  data  for  a 
blunt  base  cylindrical  afterbody  that  are  currently  being  obtained. 

The  objective  of  the  second  project  is  to  augment  the  pointwise  statistical  description  of  the 
velocity  Held  obtained  from  LDV  with  temporally  and  spatially  resolved  planar  visualization  and 
measurement  studies.  The  techniques  to  be  used  are  planar  laser  sheet  visualization  (Mie 
scattering)  and  particle  image  velocimetry.  The  experiments  will  be  conducted  in  the  near-wake  of 
a  cylindrical  afterbody  in  supersonic  flow  both  with  and  without  base  bleed.  The  purpose  of  these 
experiments  is  to  visualize  and  quantify  the  time-resolved  planar  structure  of  supersonic  base 
flows,  in  particular  the  existence,  dominance,  and  evolution  of  large  scale  turbulent  structures  in 
these  flows.  Study  of  these  structures  is  of  importance  because  of  their  influence  in  determining 
entrainment  and  mixing  phenomena  in  shear  layers,  jets,  and  wakes. 

The  third  project  is  focused  on  the  study  of  plume-induced  boundary  layer  separation, 
whereby  separation  of  one  supersonic  stream  is  caused  by  impinging  it  at  an  angle  with  a  second, 
such  as  occurs  in  powered  missile  applications.  The  emphasis  in  this  investigation  will  also  be  on 
using  planar  measurement  methods,  Mie  scattering  and  PIV,  to  determine  the  instantaneous  planar 
structure  of  this  interaction  and  the  importance  and  evolution  of  large  scale  turbulent  structures  in 
it.  Major  differences  between  this  flow  and  supersonic  flow  over  a  cylindrical  afterbody  are  that 
the  separation  occurs  under  adverse  pressure  gradient  conditions  and  that  it  is  unsteady.  Thus, 
emphasis  will  be  placed  on  comparing  the  turbulence  structure  between  the  two  cases.  In  addition, 
the  planar  images  will  be  examined  for  determination  of  possible  causes  of  the  unsteadiness  of  the 
plume-induced  separation  process. 

During  the  first  year  of  the  program,  LDV  measurements  for  the  boattail  model  will  be 
obtained,  ongoing  conditionally  analyzed  LDV  measurements  of  the  plume-induced  separation 
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interaction  will  be  ccxnpleted,  several  facilities  and  insmunentation  modifications  and  develt^ments 
will  be  carried  out,  and  Mie  scattering  studies  of  the  cylindrical  afterbody  and  plume-induced 
separation  experiment  will  be  started.  During  the  second  year,  several  additional  facilities  upgrades 
will  be  ccxnpleted,  the  Mie  scattering  visualization  studies  of  the  cylindrical  afterbcxly,  base  bleed, 
and  plume-induced  separation  experiments  will  be  conducted,  and  PIV  and  flow  visualization  and 
pressure  measurement  studies  of  the  plume-induced  separation  and  base  bleed  experiments, 
respectively,  will  be  obtained.  The  final  year  of  the  program  will  be  devoted  to  LDV 
measurements  of  the  base  bleed  case,  PIV  measurements  of  the  cylindrical  afterbcxly  case  both 
with  and  without  base  bleed,  and  further  Mie  scattering  and  PIV  smdies  of  plume-induced 
separation. 

By  carrying  out  this  integrated  series  of  experimental  studies,  substantially  improved 
understanding  of  high-speed  separated  base  flows  will  be  gained,  so  that  they  can  be  better 
predicted,  controlled,  and  perhaps  even  optimized  in  applications  of  importance  to  the  U.S,  Army 
and  others. 
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An  cxpctteeotal  lavatigatiaB  has  haca  coa<acts8  la  Mriy  dw  tfladt  of  a  base  cavity  aa  the  aaar-aiakc  ftaardsM 
of  a  aicader,  two-iliafasinnsl  body  ia  the  ■ibsoaie  speed  raate.  Three  beae  coaCgarattoas  wetc  iaveatifated  aad 
ctMipared:  a  biaat  base,  a  shallow  rcetaagalar  cavity  baae  of  depth  eqaal  to  nar  half  the  base  height,  aad  a  deep 
RCUuigBlar  cavity  base  of  depth  eqaal  to  oae  base  hdgkt.  Each  (aaSgsralioa  was  stadied  at  thiee  frceelreaB  Mach 
DHihcn  nngiBg  fhiai  the  low  to  high  whanair  raage.  Schlteiea  photographs  revealed  that  the  baric  qaahtativc 
stractart  of  the  vortex  street  was  MaindHIrd  by  the  pseaeaci  of  a  base  cavity.  However,  the  vortex  slreM  was 
weakeaed  by  the  base  cavity  appaready  dae  to  the  cahaaoed  Arid  arixiag  nrianhn  at  the  fatraact  of  tbe  cavity. 
The  weaker  vortex  street  yielded  higher  prrstatti  A  the  aear  wake  for  the  cavity  bases,  jarreasea  A  the  base 
pitawiii  cosBcitats  oo  the  order  of  10-I4*A,  aad  Aertasts  A  the  sbeddiag  fregarariss  aa  the  arder  of  4-d% 
relative  A  the  Maat-baaed  coitBguratioa.  The  Bajoitty  of  the  observed  chaages  occarred  A  goAg  froa  the  bAai 
base  to  the  shaUow  cavity  base. 


Nomenclature 

C,  =  coefficient  of  pressure,  s(P  -  P^)l( 
d  =  cavity  depth 

f  =  frequency 

h  =  base  hei^t 

M  =  Mach  number 

P  =  pressure 

Re  =  Reynolds  number,  =p„fC/ref/i//iref 

St  =Strouhal  number,  =yji/i/ref 

U  —  freestream  velocity 

V  =:streamwise  coordinate  measured  from  the  trailing 

edge  plane 

a  =  absolute  viscosity 

p  =  density 

Subscripts 

base  =  base  location 

ref  =  reference  location 

X  =  freestream  conditions 

Introduction 

HE  near  wake  of  a  two-dimensional  bii^ff  oody  at  sub¬ 
sonic  Mach  numbers  and  sufficiently  high  Keynolds  num¬ 
bers  (greater  than  50  based  on  freestream  conditions  and 
body  thickness)  is  dominated  by  the  periodic  and  alternate 
shedding  of  vortices  known  as  the  von  Karman  vortex  street. 
When  these  vortices  form  near  the  leeward  side  or  base  of  tbe 
body,  the  low  pressure  of  the  vortex  centers  is  communicated 
to  the  base  producing  a  low-base  pressure.  This  combines 
with  the  momentum  loss  associated  with  the  concentrations  of 
vorticity  to  yield  an  especially  high-base  drag.  The  von  Kar- 
man  vortex  street  occurs  frequently  in  engineering  applica- 
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tions  and  has  even  been  observed  behind  such  slender  bodies 
as  turbine  blades  of  just  3%  thickness  ratio.'  Because  the  base 
drag  (often  the  dominant  drag  component)  of  both  bluff  and 
slender  two-dimensional  bodies  is  affected  by  the  strength  and 
proximity  of  the  vortex  street,  any  attempts  at  base  drag 
reduction  must  be  aimed  at  weakening  the  vortex  shedding  or 
at  displacing  the  vortex  formation  position  further  down¬ 
stream. 

The  present  investigation  focuses  on  the  use  of  a  base  cavity 
as  a  drag  reducing  mechanism  and  on  tbe  effect  of  such  a 
cavity  on  the  near-wake  flowfield  of  a  two-dimensional  slen¬ 
der  body  in  tbe  subsonic  speed  range  (see  Fig.  I).  The  base 
cavity  has  proven  effective  in  reducing  drag  in  several  past 
investigations.  However,  the  precise  mechanism  of  this  drag 
reduction  is  still  unknown.  Therefore,  the  present  study  is 
aimed  at  investigating  the  interaction  between  the  cavity  and 
the  separated  flow  and  the  effect  of  this  interaction  on  the 
fluid  dynamic  mechanisms  in  the  near  wake.  The  specific 
objectives  of  the  investigation  are  to  explain  tbe  drag  reducing 
effect  of  the  base  cavity,  to  improve  understanding  of  the 
phenomena  of  vortex  formation  and  shedding,  and  to  resolve 
some  of  the  conflicts  that  have  arisen  between  the  numerical 
and  experimental  work  on  base  cavities  to  date. 

Experimental  investigations  of  the  base  cavity  have  been 
conducted  by  Nash  et  al.,^  Pollock,^  and  Clements^  among 
others.  They  have  studied  cavity  depths  of  from  zero  to  two 
base  heights  on  slender,  two-dimensional  bodies.  Generally, 
they  have  found  base  drag  reductions  of  15-20%  in  the 
subsonic  speed  range  and  no  effect  into  the  supersonic  speed 
range.  The  lack  of  any  effect  at  supersonic  spe^s  is  evidence 
that  the  cavity  acts  on  the  vortex  street  since  vortex  shedding 
ceases  at  Mach  numbers  just  beyond  1.0.  Clements  investi¬ 
gated  cavities  of  various  depths  and  reported  base  pressure 
increases  for  increasing  cavity  depths  up  to  1/2  base  height, 
beyond  which  no  further  increases  in  base  pressure  were 
observed.  Clements  also  measured  a  rise  in  the  Strouhal 
number  (i.e.,  vortex  shedding  frequency)  for  increasing  cavity 
depth  up  to  1/2  base  height.  Although  Nash  et  al.  hypothe¬ 
size  that  the  walls  of  the  cavity  may  constrain  the  upstream 
part  of  the  vortices  and  thus  improve  wake  stability,  their 
schlieren  photographs  did  not  appear  to  show  any  vortex 
motion  extending  into  the  base  cavity. 

Two  important  computational  efforts  on  the  effects  of  base 
cavities  have  been  carried  out  by  Clements*  and  Rudy.’ 
Clements  employed  an  inviscid  discrete  vortex  meth^, 
whereas  Rudy  u^  an  explicit,  Navier-Stokes,  finite-differ- 
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ence  scheme  at  freestream  Mach  numbers  of  0.4  and  0.6  vrith 
laminar  Reynolds  numbers  (based  on  freestream  conditions 
and  the  base  height)  of  700  and  962,  respectively.  Both 
investigators  studied  the  effects  of  a  rectangular  cavity  in  the 
base  of  a  slender,  two-dimensional  body  at  subsonic  speeds. 
Clements  and  Rudy  both  found  that  the  vortices  penetrate 
partially  into  the  cavity  for  at  least  a  portion  of  the  shedding 
cycle.  Rudy  reported  that  the  pressure  ri:.^s  in  the  low-velocity 
region  between  the  first  vortex  and  the  back  of  the  cavity 
yielding  a  higher  base  pressure  for  the  cavity  base  as  com¬ 
pared  to  the  blunt  base.  Because  of  this  result,  Rudy  hypoth¬ 
esized  that  the  drag  reducing  effect  of  the  base  cavity  is 
similar  to  that  of  splitter  plates  and  base  bleed,*'"  i.e.,  it  is 
due  to  the  increased  distance  between  the  base  of  the  body 
and  the  vortex  formation  location.  Interestingly,  both 
Clements  and  Rudy  computed  a  continuous  decrease  in  the 
Strouhal  number  with  increasing  cavity  depth  in  direct  con¬ 
trast  to  the  experimental  results  of  Clements.  Rudy  attributed 
the  decrease  in  shedding  frequency  to  the  increase  in  interac¬ 
tion  between  the  vortices  in  the  presence  of  a  cavity. 

Experimental  Setup 

Wind-Tunnel  Facilities  and  Model 

A  previously  fabricated  two-dimensional  transonic  wind 
tunnel  was  used  in  this  investigation.  This  tunnel  has  a 
101.6mm  X  101.6mm  test  section  and  was  built  based  on  a 
NASA  design  by  Little  and  Cubbage.'*  The  sidewalls  of  the 
tunnel  are  solid,  whereas  the  upper  and  lower  walls  are  slotted 
to  relieve  the  blockage  effect  of  the  model  and  to  allow 
experimentation  through  the  transonic  speed  range.  A  pair  of 
round  windows  may  be  mounted  in  the  sidewalls  to  allow 
visualization  of  the  flow  over  the  aft  end  of  the  model  and  in 
the  near  wake.  Solid  aluminum  inserts  may  also  be  used  in 
place  of  the  windows  for  the  wake  static  pressure  traverses 
and  shedding  frequency  measurements  described  below.  The 
results  of  tunnel-empty  calibrations  at  Mach  numbers  from 
the  low  subsonic  through  transonic  speed  ranges  demon¬ 
strated  that  this  tunnel  produces  remarkably  uniform  flow. 

To  accomplish  the  objectives  of  this  study,  the  two-dimen¬ 
sional  model  illustrated  in  Fig.  1  was  constructed.  The  model 
has  a  wedge-shaped  forebody,  a  constant  10%  thick  after¬ 
body,  and  three  interchangeable  base  geometries  (see  Fig.  2): 
a  blunt  base,  a  shallow  rectangular  cavity  base  with  depth 
equal  to  one-half  the  base  height,  and  a  deep  rectangular 
cavity  base  with  depth  equal  to  one  base  height.  This  model  is 
similar  to  that  used  in  the  experiments  of  Nash  et  al.^  and  is 
identical  to  the  computational  geometry  used  by  Rudy,’ 
except  that  Rudy’s  cavity  heights  were  90%  of  the  base 
height,  and  those  of  the  current  experiments  were  flOVo  of  the 
base  height  to  ensure  structural  rigidity  of  the  extended 
portions  of  the  base. 


The  maximum  blockage  of  the  model  in  the  wind  tunnel  of 
this  study  was  15%  (see  Fig.  1),  which  is  a  bit  high  by 
transonic  tunnel  standards.  This  model  size  was  chosen  to  be 
as  small  as  possible  to  minimize  blockage  effects  while  re¬ 
maining  large  enough  to  adequately  instrument  the  base  with 
pressure  ups  and  so  that  the  flowfield  could  be  adequately 
resolved  with  the  available  measurement  techniques.  In  addi¬ 
tion,  larger  than  normal  interference  effects  were  deemed 
accepuble  in  light  of  the  objectives  of  this  investigation  to 
study  the  physical  mechanisms  of  the  flowfield  and  the  trends 
that  the  dau  exhibit  with  either  increasing  cavity  depth  or 
increasing  Mach  number.  These  mechanisms  and  trends 
should  be  accurately  reflected  in  the  current  measurements 
even  if  small  errors  in  the  absolute  values  of  the  dau  occur 
due  to  interference  effects.  Also,  the  basic  strutture  of  the 
vortex  street,  which  is  of  prime  importance  here,  should  not 
be  strongly  affected  by  the  blockage  of  the  model.  As  evi¬ 
dence,  El-Sherbiny  and  Modi"  found  that  the  lateral  and 
longitudinal  spacings  of  the  vortices  in  the  wakes  behind 
inclined  flat  plates  were  independent  of  blockage  ratios  up  to 
20%. 

MeasarciBcat  TcciaiqBCS 

Black  and  white  schlieren  photography  was  used  to  visual¬ 
ize  the  structure  of  the  vortex  streets  behind  the  model  and  to 
determine  to  what  degree  the  vortex  motions  extended  into 
the  cavities.  The  schlieren  system  used  was  a  sundard  Toepler 
arrangement  with  the  sending  and  receiving  optics  located  off 
axis  in  the  familiar  “z”  pattern  and  with  parabolic  mirrors 
directing  the  parallel  light  beam  through  the  test  section.  A 
straight  knife  edge  in  the  cut  off  plane  provided  exposure  and 
sensitivity  control  and  was  set  parallel  to  the  flow  direction 
(i.e.,  horizonully)  to  allow  visualization  of  the  separating 
shear  layers.  The  light  source  was  a  Xenon  model  457  flash 
lamp  with  a  flash  duration  of  1.4 /is.  Processing  of  large 
numbers  of  photographs  was  accomplished  via  a  35  mm 
format  camera  and  Kodak  Panatomic-X  (ASA  32)  roll  film. 

Surface  oil  flow  visualization  was  utilized  to  ascertain  flow 
directions  within  the  cavities  and  on  the  model  and  to  exam¬ 
ine  the  streakline  patterns  formed  on  the  tunnel  sidewalls.  A 
mixture  of  lampblack  and  a  90  weight  viscous  oil  was  used  for 
this  purpose.  This  mixture  was  either  spread  evenly  on  the 
surface  of  interest  with  a  paint  brush  or  applied  as  discrete 
dots  of  oil  to  yield  highly  defined  surface  streakline  patterns. 

Tuft  visualization  was  used  to  further  examine  the  air 
motions  within  the  cavities  and  to  complement  the  results  of 
the  surface  flow  studies.  Short  strands  of  a  lightweight  white 
thread  were  fixed  with  small  dots  of  rubber  cement  to  the 
trailing  edge  of  the  deep  cavity,  whereas  several  others  were 
suspended  from  the  upper  cavity  wall  at  depths  of  1/3,  1/2, 
and  2/3  base  heights  from  the  entrance. 

Base  pressure  measurements  were  made  to  determine  the 
effect  of  cavity  depth  on  base  drag.  Fifteen  static  pressure  taps 
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were  distributed  across  each  base  so  as  to  reveal  any  varia¬ 
tions  in  pressure  across  the  span  or  height  of  the  base.  These 
taps  were  connected  via  nylon  tubing  to  a  Pressure  Systems 
Incorporated  (PSl)  model  DPT  6400  electronic  pressure  scan¬ 
ner.  The  output  from  the  PSI  system  was  directed  to  an 
HP-9000  minicomputer  for  data  analysis  and  storage. 

Vortex  shedding  frequency  measurements  were  made  to 
determine  tlK  effect  of  the  cavities  on  the  shedding  frequency 
and  to  help  resolve  the  previously  mentioned  conflict  between 
numerical  and  experimental  results.  The  shedding  frequencies 
were  determined  from  a  Fourier  analysis  of  the  signal  from 
fast  response  pressure  transducers.  The  transducers  used  were 
Endevco  model  8S06B-1S  piezo-resistive  pressure  transducers, 
which  have  a  2.31  mm  face  diam  and  a  resonant  frequency  of 
1 30  kHz.  The  data  from  the  transducers  were  collect^  with  a 
DEC  PDP  11/73  microcomputer  using  a  Data  Translation 
model  DT2752  high-speed,  12  bit,  8  channel,  A/D  converter. 
For  each  Mach  number-base  geometry  configuration,  SO  sets 
of  4096  data  points  were  collected  at  a  sampling  rate  of 
20  kHz  yielding  a  bandwidth  of  approximately  4.88  Hz.  The 
time  domain  pressure  data  were  analog  filtered  at  80Ve  of  the 
Nyquist  rate  (i.e.,  8000  Hz)  to  prevent  aliasing  and  were 
transformed  into  the  frequency  domain  via  a  fast  Fourier 
routine  utilizing  the  Hanning  window  to  suppress  side-lobe 
leakage.  The  data  sets  were  also  averaged  in  the  spectral 
domain  to  filter  out  low-level  white  noise. 

Static  pressure  surveys  of  the  wake  were  performed  in  order 
to  define  the  position  of  vortex  formation  for  each  of  the  base 
configurations.  This  method  has  been  employed  in  previous 
investigations  by  Nash  et  al.^  and  Roshko,^  who  state  that  the 
location  of  a  low-pressure  trough  in  the  wake  behind  a  body 
coincides  with  the  position  of  vortex  formation.  Four  differ¬ 
ent  3.175  mm  diam  static  probes  were  used  with  the  sutic 
holes  ranging  in  distances  from  3.175  to  12.5  mm  from  the  tip 
of  the  probe.  Eight  exit  holes  were  drilled  in  the  solid  sidewall 
insert  at  intervals  of  7.62  mm  (1/2  base  height),  and  in 
conjunction  with  the  four  probes,  these  gave  up  to  32  possible 
pressure  measurement  locations  from  the  base  of  the  body  to 
a  distance  of  four  base  heights  downstream.  Data  gathering 
and  reduction  followed  the  same  procedures  as  described 
previously  for  the  base  pressure  measurements. 

Further  details  concerning  the  experimental  apparatus,  in¬ 
strumentation,  and  measurement  and  data  reduction  proce¬ 
dures  may  be  found  in  Ref.  14. 

Experimental  Results 
Experimental  Conditiaas 

The  experimental  results  for  the  three  base  geometries 
shown  in  Fig.  2  were  obtained  at  three  different  Mach  num¬ 
bers  ranging  from  the  low  to  the  high  subsonic  range  to  give 
a  total  of  nine  different  experimental  conditions  (see  Table  1). 

Rather  than  try  to  apply  a  freestream  Mach  number  correc¬ 
tion  to  account  for  the  effects  of  model  blockage,  a  reference 
Mach  number  was  specified  as  measured  in  the  tunnel,  i.e., 
without  correction  factors,  that  would  be  most  relevant  to  the 
flowfield  region  of  greatest  interest,  namely  the  vortex  street 


Table  I  Experimental  conditiaas 


Base  type 

Ref.  Mach  no. 

Ref.  Reynolds  no.,  x  10’ 

Blunt  base 

0.485 

1.62 

0.720 

2.32 

0.880 

2.78 

Shallow  cavity 

0.485 

1.62 

0.720 

2.32 

0.880 

2.78 

Deep  cavity 

0.485 

1.62 

0.720 

2.32 

0.880 

2.78 

and  near  wake.  Thus,  the  reference  Mach  number  was  chosen 
to  be  that  outside  the  boundary  layer  over  the  aft  end  of  the 
model  just  prior  to  separation.  The  three  values  of  the  refer¬ 
ence  Mach  number  shown  in  Table  1  were  chosen  to  corre¬ 
spond  approximately  to  freestream  flows  at  Mach  0.4,  0.6, 
and  0.8.  The  reference  of  0.880  was  chosen  by  matching  the 
schlieren  photograph  at  that  condition  to  t^  schlieren  of 
Nash  et  al.*  of  a  freestream  Mach  0.8  flow  over  the  same 
model  geometry  in  a  much  larger  tunnel  with  essentially 
interference-free  conditions.  The  reference  of  0.720  was  cho¬ 
sen  via  Rudy’s’  computations,  which  indicate  that  at  a 
freestream  Mach  number  of  0.6  th<“  Mach  number  over  the  aft 
end  of  the  body  is  0.720.  Finally,  the  reference  of  0.485  was 
chosen  by  setting  the  upstream  Mach  number  in  the  tunnel  to 
0.4,  as  it  was  known  that  interference  effects  would  be  rela¬ 
tively  small  at  the  lower  Mach  number. 

T^  Reynolds  numbers  listed  in  the  table  are  based  on 
conditions  at  the  reference  location  and  the  base  height. 
Boundary-layer  trips  (0.25  mm  diam  hypodermic  tubing)  were 
placed  at  the  10%  chord  location  to  fix  the  transition  poinu. 
Thus,  the  boundary  layers  at  separation  from  the  base  were 
turbulent  in  all  cases.  The  boundary-layer  thickness  at  separa¬ 
tion  for  each  case  was  estimated  to  be  1.5  mm  from  enlarged 
schlieren  photographs. 


Fig.  3  ScMiercn  photographs  of  the  near-wake  flowfield  for  the  binnt- 
baae  configoration:  a)  — 0.485;  b)  Af,^“0.720:  c)  Af,^~0.8M. 
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Schlieicn  photography  was  used  to  visualize  the  structure 
of  the  vortices  behind  the  models  and  to  reveal  any  qualitative 
differences  that  may  exist  in  the  near  wakes  of  the  flows  for 
the  different  base  configurations  and  Mach  numbers.  Figure 
3a  depicts  the  flow  over  the  model  fitted  with  the  blunt  base 
at  a  reference  Mach  number  of  0.48S  (the  screw  visible  in  the 
photograph  was  used  for  focusing  purposes  and  is  outside  the 
tunnel).  In  this  case  the  vortex  shed  from  the  upper  surface  of 
the  body  has  apparently  reached  the  fully  formed  condition, 
whereas  the  shear  layer  separating  from  the  lower  surface  is 
just  beginning  to  roll  up.  It  is  clear  from  this  figure  that  the 
vortices  form  right  at  the  base  of  the  body  and  that  in  the 
fully  formed  condition,  the  vortices  extend  over  the  majority 
of  the  thickness  of  the  base.  Figures  3b  and  3c  show  the 
flowfield  over  the  blunt-based  model  at  reference  Mach  num¬ 
bers  of  0.720  and  0.880,  respectively.  The  basic  features  of  the 
near-wake  flowfield  for  these  cases  are  similar  to  the  Mach 
0.485  flowfield,  except  that  the  vortex  street  becomes  mote 
obscured  by  turbulence  at  the  higher  Mach  numbers  and  at 
Mach  0.880  pressure  waves  generated  from  the  vortex  shed¬ 
ding  are  evident  at  the  base  of  the  model.  Comparison  of 
these  schlieren  photographs  with  Rudy's^  computed  vortidty 
contour  plots  for  a  freestream  Mach  0.6  flow  over  the  same 
blunt-based  configuration  indicates  excellent  qualitative 
agreement  for  the  near-wake  structure,  particularly  in  terms 
of  the  proximity  of  the  vortex  formation  location  to  the  base. 
Some  minor  differences,  such  as  more  rapid  diffusion  of  the 
vortices  in  the  experiments,  may  be  attributed  to  the  fact  that 
the  boundary  layers  at  separation  are  turbulent  in  the  experi¬ 
ments  and  laminar  in  the  computations. 

Figures  4a  and  4b  ate  schlieren  photographs  of  the  flow 
over  the  model  fitted  with  the  shallow  cavity  base  at  reference 
Mach  numbers  of  0.485  and  0.720,  respectively.  The  basic 
structure  of  the  vortex  street  appears  unchanged  in  compari¬ 
son  to  the  blunt-based  configuration  just  discussed.  By  com¬ 
paring  schlieren  pictures  of  the  flow  for  the  two  geometries  at 


similar  points  in  the  shedding  cycle,  the  spacing  of  the  vortices 
and  the  spread  rate  of  the  vortex  street  in  the  early  part  of  the 
wake  appear  virtually  identical,  as  though  the  base  cavity 
does  not  influence  the  vortex  formation  and  shedding  process 
at  all.  However,  a  closer  examination  shows  that  for  the 
cavity  base,  the  vortices  may  form  sUghtly  farther  down¬ 
stream  of  the  trailing-edge  plaM;  whereas  this  is  impossible  to 
confirm  from  a  single  stiU  photograph.  This  point  will  be 
discussed  further  in  Ught  of  other  experimental  results  to  be 
presented  in  the  sections  to  follow.  The  main  diflerence 
between  the  various  Mach  number  conditions  for  the  shallow 
cavity  base  is  again  the  presence  of  more  turbulence  at  the 
higher  Mach  numbers  resulting  in  greater  diffusion  of  the 
vortices.  Comparison  of  Rudy’s^  computed  vortidty  plots 
with  these  schUeren  photographs  for  the  shallow  cavity  base 
shows  that  the  experimental  and  computational  results  are 
not  in  agreement  for  this  case.  The  schlieren  pictures  (includ¬ 
ing  many  others  not  shown  here)  indicate  clearly  that  the 
vortices  do  not  extend  into  the  cavity  during  any  portion  of 
the  shedding  cycle,  whereas  Rudy’s  compuutional  resulu  (as 
well  as  those  of  Oemenu*)  indicate  that  the  vortices  form  at 
least  partially  within  the  cavity  throughout  the  shedding  cycle. 
This  discrepancy  between  experiments  and  computations  for 
base  cavity  flows  was  also  reported  by  Qements.  Further 
discussion  of  this  point  will  follow  the  presentation  of  the 
remainder  of  the  experimental  results. 

Figures  5a  and  5b  depict  the  flow  over  the  model  fitted  with 
the  deep  cavity  base  at  »  0.485  and  0.720,  respectively. 
Again  the  basic  structure  of  the  vortex  street  wake  appears 
unchanged  in  comparison  to  the  wakes  of  the  two  base 
configurations  discussed  above.  In  fact.  Figs.  4b  and  Sb  at 
M„f  =  0.720  look  virtually  identical  except  for  the  geometry 
of  the  base  itself.  For  the  deep  cavity  base,  as  for  the  shallow 
one,  it  appears  that  the  vortices  form  slightly  further  down¬ 
stream  of  the  trailing-edge  plane  than  they  did  for  the  blunt- 
based  configuration.  Comparing  the  schlieren  photographs  of 
Fig.  5  with  Rudy’s’  constant  vortidty  lines  for  the  Mach  0.6 
computations  of  the  deep  cavity  configuration  indicate  the 


Fig.  4  Schlieren  ghotographs  of  the  near-wake  flowfieM  for  the  shal¬ 
low  cavity  base  conligHration:  a)  Af^~0.485;  b) 


Fig.  5  Schlieren  photographs  of  the  near-wake  flowfleM  for  the  deep 
cavity  base  conlignration:  a)  Afprf«0.485;  h)  M^w>0.720. 
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Fig.  6  CNl  streak  pattetns  oa  sidewall  for  — 0.485;  a)  Waat-Oase 
coafigaratfoa;  b)  shallow  carity  base  configoratioa;  c)  deep  cavity  base 
coafigaratioo. 


same  discrepancy  between  the  computational  and  experimen¬ 
tal  results  noted  above:  the  schlierent  photographs  show  no 
vortex  motion  extending  into  the  cavity  whatsoever,  whereas 
the  computations  show  the  vortices  extending  well  into  the 
cavity  throughout  the  shedding  cycle.  As  mentioned,  this 
point  will  be  discussed  further  below. 

Surface  Oil-Flow  Pattems 

The  surface  oil-flow  visualization  results  presented  here  are 
intended  to  answer  several  important  questions  regarding  the 
qualitative  nature  of  the  flowfield:  first,  to  ascertain  that  the 
flow  in  the  tunnel  is  satisfactorily  two  dimensional;  second,  to 
determine  whether  any  significant  fluid  motion  occurs  within 
the  base  cavities;  and  finally,  to  help  determine  if  the  vortices 
form  farther  downstream  from  the  trailing-edge  plane  for  the 
cavity  bases  in  comparison  to  the  blunt-based  model,  as  was 
hinted  at  by  the  schlieren  stills. 

The  oil-flow  pattems  across  the  span  of  the  upper  surface 
of  all  three  models  and  for  all  three  reference  Mach  numbers 
indicated  that  the  flow  was  appropriately  two  dimensional, 
i.e.,  the  streaklines  were  extremely  straight  and  in  the  stream- 
wise  direction  with  no  recirculatory  regions  even  very  near  the 
sidewalls.  For  the  blunt-based  model,  essentially  vertical 
streak  pattems  on  the  base  were  formed  from  a  series  of  oil 
dots  placed  across  the  span  of  the  base  midway  between  the 


upper  and  lower  trailing  edges.  Apparently,  the  mean  effect  of 
tte  vortices  shed  from  alternate  trailinp  edges  was  to  push 
some  of  the  oil  to  the  unxr  trailing  edge  and  some  to  the 
lower  trailing  edge.  The  clarity  and  rapidity  with  which  these 
streak  pattems  formed  indicates  that  the  vortices  do  indeed 
form  immediately  adjacent  to  the  base  for  the  blunt-based 
model,  as  was  evident  in  the  schlieren  photographs  of  Fig.  3. 

To  determine  the  surface  flow  patterns  on  the  internal 
cavity  surfaces  of  the  two  cavity  configurations,  oil  was 
spread  on  all  cavity  surfaces,  and  even  as  discrete  dots  very 
near  the  lip  of  the  cavity.  However,  no  streak  pattems  were 
formed  on  any  of  tlKse  internal  cavity  surfaces.  This  indicates 
that  there  is  no  strong  vortex  motion  extending  into  the  cavity 
and  that  apparently  no  significant  recirculatory  motion  occurs 
in  the  cavity  at  all.  The  specifics  of  the  air  motions,  if  any,  in 
the  cavities  will  be  discus^  in  some  of  the  results  to  follow. 

Figures  6a-6c  are  reproductions  of  the  near-wake  oil  streak 
pattems  that  were  formed  on  the  wind-tunnel  sidewalls  for 
each  base  configuration  with  a  scale  placed  so  as  to  indicate 
the  distance  of  the  oil  “vortices"  from  tlK  trailing-edge  plane. 
The  reference  Mach  number  for  these  figures  is  0.48S,  al¬ 
though  similar  pattems  were  formed  for  all  three  reference 
Mach  number  conditions.  These  streak  pattems  simply  repre¬ 
sent  the  time-mean  effect  of  the  unsteady  vortex  street  wake 
phenomenon  as  determined  at  the  lurmel  sidewall.  TIm  centers 
of  the  vortices  of  oil  that  formed  on  the  sidewall  are  consid¬ 
ered  to  indirectly  represent  the  correct  relative  position  of 
vortex  formation  for  the  three  base  configurations.  In  other 
words,  while  the  absolute  position  of  vortex  formation  rela¬ 
tive  to  the  trailing-edge  plane  may  not  be  correctly  repre¬ 
sented  due  to  the  time-averaging  and  sidewall  bound^-layer 
effects,  the  position  of  vortex  formation  for  one  base  geome¬ 
try  relative  to  the  other  bases  should  be  approximately  correct 
assuming  that  these  effects  influence  the  oil  streaks  for  all 
three  base  configurations  approximately  equally.  These  pho¬ 
tographs  indicate  the  center  of  the  sidewall  oil  vortex  to  be 
about  3/16  in.  (4.76  mm  or  0.31  base  height)  from  the  trailing 
edge  for  the  blunt  base  and  about  1/4  in.  (6.35  mm  or  0.42 
base  height)  for  the  two  cavity  bases,  a  difference  of  approxi¬ 
mately  1/16  in.  ( 1 .59  mm).  Similar  results  were  found  at  refer¬ 
ence  Mach  number  conditions  of  0.720  and  0.880  Therefore, 
these  photographs  suggest  the  qualitative  fact  that  the  vortex 
formation  position  for  the  cavity  bases  is  further  downstream 
from  the  trailing-edge  plane  relative  to  that  for  the  blunt-base 
configuration.  Further  support  for  this  argument  is  presented 
in  the  section  discussing  the  wake  static  pressure  traverses. 


Taft  Vimlizatioas 

The  fact  that  the  surface  oil-flow  pattems  showed  no 
significant  recirculatory  flow  in  the  cavity  revealed  the  need 
for  a  more  sensitive  measurement  technique  to  determine  if 
any  fluid  motion  occurs  in  the  cavity.  To  this  end  the  tuft 
visualization  experiments  described  earlier  were  performed 
with  several  Ughtweight  tufts  attached  to  the  trailing  edge  of 
the  deep  cavity,  as  well  as  from  the  upper  cavity  wall  at 
several  depths  from  the  cavity  entrance.  The  tufts  at  the 
trailing-edge  plane  were  extremely  active,  rotating  rapidly 
back  and  forth  in  the  streamwise  Erection  in  a  75  to  80  deg 
arc,  nearly  45  deg  in  the  downstream  direction  and  roughly  30 
to  35  deg  back  upstream  into  the  cavity.  Some  spanwise 
motion  was  also  observed,  though  to  a  much  lesser  extent. 
This  high  degree  of  activity  is  not  unexpected;  since  the 
vortices  form  close  to  the  trailing-edge  plane  even  for  the  deep 
cavity;  the  tufts  there  are  subjected  to  a  rapid  periodic  pres¬ 
sure  variation.  For  the  tufts  suspended  further  back  in  the 
cavity,  the  motion  was  similar,  but  the  level  of  activity 
decreased  gradually  from  the  trailing  edge  to  the  back  of  the 
cavity.  These  results  suggest  that  the  periodic  pressure  pulses 
from  the  shedding  vortices  set  the  air  in  the  cavity  into  a  rapid 
vibratory  motion  but  without  any  strong  net  flow  direction  as 
would  be  sensed  by  the  surface  oil  coatings. 
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Wake  Sialic  PnaMK  Tramaca 

The  static  piessure  traverses  of  the  near-wake  region,  along 
the  centerline  of  the  body  and  away  from  the  tunnel  sidewall 
boundary  layers,  were  performed  to  help  confirm  the  appar¬ 
ent  observation  that  the  vortices  form  farther  downstream  in 
the  presence  of  a  base  cavity.  Because  these  measurements 
were  time  consuming  and  because  the  sidewall  surface  streak¬ 
lines  indicated  similar  trends  in  the  vortex  formation  location 
for  all  three  reference  Mach  numbers,  these  measurements 
were  made  at  =  0.485  only. 

The  streamwise  variation  of  the  near-wake  static  pressure 
coefficient  C,  s  (/*  - /•^)/(  l/2p„fU„f^)  for  the  thn*  base 
geometries  is  shown  in  Fig.  7.  The  plots  display  the  character¬ 
istic  features  of  the  vortex  street  wake  as  de^ribed  by  Nash  et 
al.^  and  Roshko,*  namely  a  low-pressure  trough  in  the  near 
wake  at  the  vortex  formation  position  followed  by  a  gradual 
rise  in  pressure  to  an  essentially  constant  value  further  down¬ 
stream.  This  figure  shows  clearly  that  the  location  of  vortex 
formation  has  indeed  been  displaced  slightly  farther  down¬ 
stream  from  the  trailing-edge  plane  in  the  presence  of  a  base 
cavity.  In  addition,  the  plots  for  the  shallow  cavity  base  and 
the  deep  cavity  base  overlap  each  other  quite  closely  except 
for  some  data  scatter  between  two  and  four  base  heights 
downstream  of  the  trailing  edge.  This  result  agrees  with  the 
sidewall  oil-flow  visualizations  and  suggests  that  increasing 
the  cavity  depth  beyond  1 12  base  height  has  no  further  effect 
in  pushing  the  vortex  formation  position  downstream.  Exam¬ 
ination  of  Figs.  6  and  7  also  shows  that  both  the  sidewall  oil 
streak  patterns  and  the  wake  static  pressure  traverses  indicate 
a  downstream  displacement  of  the  vortex  formation  position 
of  approximately  1/10  base  height  for  the  cavity  bases  relative 
to  the  blunt  base. 
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Fig.  7  Near-wake  static  presaorc  coeiBciciit  at  — 0.485. 


-ig.  8  Near-wake  static  preasore  coefficient  at  •0.4  from  Rudy’s 
ompatatioas.’ 


The  results  in  Fig.  7  may  be  compared  to  those  in  Fig.  8, 
which  has  been  adapted  bom  the  computational  study  of 
Rudy^  for  a  freestream  Mach  number  of  0.4.  The  curves  in 
Fig.  8  have  been  obtained  by  avcragiiig  the  instantaneous 
pressures  at  eight  different  times  in  the  shedding  cycle.  Also 
note  that  Rudy's  pressure  coefficient  is  based  on  freestream 
condiuons,  (C^)^  s (F  -  P^)Kll2p^  which  is  the  rea¬ 
son  for  the  discrepancy  in  the  magmtudes  of  the  pressure 
coefficients  in  Figs.  7  and  8.  However,  it  is  the  location  of 
vortex  formation  and  the  trends  with  cavity  depth  that  arc  of 
primary  interest  here.  The  agreement  between  the  experimen¬ 
tal  (Fig.  7)  and  computational  (Fig.  8)  results  for  the  vortex 
formation  location  is  excellent  for  the  blunt-based  configura¬ 
tion  but  not  for  the  cavity  bases  where  the  computations 
indicate  that  the  vortex  formation  position  moves  upstream. 
These  results  then  follow  the  same  trends  seen  earlier  in 
comparing  the  schlieren  photographs  of  the  presrat  study  to 
Rudy's  vorticity  {dots. 

The  experimental  results  in  Fig.  7  also  reveal  that  the  static 
pressure  within  the  cavities  remains  essentially  constant.  This 
is  again  in  contrast  with  the  computations  but  confirms  the 
experimental  observations  made  earlier  that  there  is  no  signifi¬ 
cant  recirculatory  motion  in  the  cavities.  Note  in  Fig.  8  that 
the  computations  indicate  a  rapid  rise  in  pressure  from  the 
trailing-edge  plane  to  about  midway  back  in  the  cavities  as  a 
result  of  the  vortices  extending  partially  into  the  cavity.  A 
final  observation  on  the  measurements  in  Fig.  7  is  that  the 
cavity  bases  cause  an  increase  not  only  in  the  base-pressure 
coefficient  but  also  in  the  values  of  the  pressure  coefficient  in 
the  near  wake  within  roughly  S/8  base  heights  of  the  trailing- 
edge  plane.  This  point  will  be  considered  further  in  the 
discussion  below. 

Bate  Prf  t  McanrcacMi 

As  mentioned,  IS  static  pressure  taps  were  distributed 
across  the  base  of  each  model  to  determine  if  any  agnificant 
transverse  or  spanwise  base  pressure  variations  were  present. 
For  most  of  the  Mach  number-base  geometry  configurations, 
the  base  pressure  distributions  were  quite  uniform,  though 
there  was  a  tendency  for  the  pressures  near  the  sidewalls  to  be 
slightly  higher  than  at  the  midpoint  (maximum  variations 
were  generally  less  than  2%).  The  average  of  the  pressures  at 
the  15  taps  was  therefore  taken  as  the  base  pressure  for  the 
results  to  be  presented  here. 


Fig.  9  Base  prtssart  coefficicBt  n  cavity  deptk  and  reference  Mack 
number. 


Table  2  Base  pfcssnie  results 


Ref.  Mach  no. 

Shallow  cavity,  % 

Deep  cavity,  % 

0.485 

+  \4.l 

+  \4A 

0.720 

9.8 

II.9 

0.880 

10.3 

11.5 
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TaMe  3  Vortex  frutf;'  rrihf 


Ref  Mach  no. 

Base  type 

Shedding  frequency,  Hz 

Strouhal  no. 

0.485 

Blunt 

2539.1 

0.2375 

Shallow 

2705.1 

0.2530 

Deep 

2690.4 

0.2517 

0  720 

Blunt 

3730.5 

0.2414 

Shallow 

3867.2 

0.2502 

Deep 

3881.8 

0.251 1 

0.880 

Blunt 

4379.9 

0.2372 

Shallow 

4492.2 

0.2433 

Deep 

4501.9 

0.2438 

dcmh  coeffiaeni  with  cavity 

topth  and  reference  Mach  number  is  plotted  in  Fig.  9.  The 

Mvitv  b^'"Tf*“  11“  pressure  coefficient  for  the 

fo^  ^f^ntoge  increases  are  of  the  same  order  as  those 
found  by  Rudy^  for  his  freestream  Mach  0  6  case  Figure  9 

iSeaSli^ur'^ 

LnH  “  “"'"y  ‘‘*P“’  «dual  to  1/2  base  height 

J  ^  reducing  benefits.  This  was  precisely 

“'"Puiational  results^of  both 
2^  off  ^'‘•'ough  the  beneficial  effects 

•^f'fence.Mach  numbers  of  0.485 
M  -  n  770  w^oon^  '*  **°  Significant  change  between 
ff"/  “k^^  '*'°“*‘*  “  reported  by  Nash  et 

ch  ’/tri'if  *  cavity  will  be  effective  as  long  as  vortex 
shedding  IS  present,  which  means  through  Mach  1. 

Shedding  Frcqneacy  Mcowrcmeals 


^*^.*^*****1?’  ***'  shedding  frequencies  were  deter¬ 
mined  through  a  power  spectral  density  analysis  of  the  signal 
trom  a  fast  response  piezo-resistivc  pressure  transducer.  For 
all  results  pre^nted  herein,  the  transducer  was  located  in  the 
tunnel  sidewall  and  downstream  of  one  of  the  trailing  edges. 
It  IS  realized  that  the  frequency  measurements  obtained  at  this 
location  could  possibly  be  distorted  by  the  presence  of  the 
sidewall  boundary  layer.  However,  comparison  of  measure¬ 
ments  obtained  for  the  blunt-based  geometry  with  the  trans¬ 
ducer  Iwated  in  the  base  and  in  the  sidewall  showed  less  than 
a  4  /o  difference  in  the  value  of  the  shedding  frequency.  It  was 
felt  that  this  difference  was  small  enough  that  the  more 
convenient  sidewall  location  could  be  used.  In  addition,  the 
fluctuating  pressure  signal  for  the  cavity  bases  is  stronger  at 
the  sidewall  location  than  at  the  rear  cavity  wall  location. 

For  all  cases,  a  strong  peak  in  the  power  spectral  density 
function  occurs  at  the  shedding  frequency  with  a  second 
smaller  peak  apparent  at  twice  the  shedding  frequency.  The 
relatively  broad  nature  of  the  peaks  in  the  spectral  density 
plots  is  at  least  partly  because  the  vortex  street  is  superim¬ 
posed  on  a  random  turbulent  flowfield  resulting  in  the  diffu¬ 
sion  or  feeding  of  some  of  the  discrete  energy  (from  the 
vortex  shedding)  to  the  continuous  (turbulent)  portion  of  the 
spectra.  The  shedding  frequencies  and  Strouhal  numbers, 
St  =/hlU^f,  for  each  of  the  experimenUl  cases  are  given  in 
Table  3.  Note  that  these  Strouhal  numbers  are  based  on  the 
velocity  measured  at  the  reference  location,  i.e.,  over  the  aft 
end  of  the  model  just  prior  to  separation. 

The  Strouhal  numbers  are  plotted  vs  cavity  depth  and 
reference  Mach  number  in  Fig.  10.  The  results  of  Nash  et  al.^ 
for  a  similar  blunt-based  model  indicate  that  for  slender, 
two-dimensional  models,  the  Strouhal  number  remains  con¬ 
stant  (at  a  value  based  on  freestream  conditions  of 
(St)^sfhlV^=0.25]  from  low-subsonic  speeds  up  to  a 
freestream  Mach  number  of  about  0.9.  The  results  in  Fig.  10 
agree  reasonably  well  with  this  observation  except  for  the 
drop  in  Strouhal  number  that  occurs  for  the  two  cavity  bases 
at  the  reference  Mach  number  of  0.880.  The  reason  for  this 


drop  is  unclear.  It  could  be  due  to  the  increase  in  wall 
interference  effects  that  occurs  as  the  flow  approaches  Mach 
1.0,  but  that  does  not  explain  why  a  similar  decrease  did  not 
occur  for  the  blunt-based  confi^ration  at  the  higher  Mach 
number.  What  is  obvious  from  Fig.  10  is  that  the  effect  of  the 
cavity  is  to  increase  the  shedding  frequency,  in  agreement 
with  the  experimenUl  observations  of  Clements,*  but  again  in 
disagreement  with  the  compuUlional  results  of  both  Clements 
and  Rudy.’  Also,  note  that  the  deep  cavity  again  produces 
virtually  no  change  beyond  that  which  was  achieved  with  the 
shallower  cavity,  a  trend  that  has  been  evident  in  all  of  the 
experimenUl  results  presented  so  far.  Further  discussion  of 
some  of  these  observations  will  be  given  in  the  following 
section. 


Summary  and  Discussion 

The  common  thread  among  all  of  the  experimenUl  results 
is  that  increasing  the  depth  of  the  cavity  from  1/2  to  1  base 
height  does,  not  have  any  significant  effect  on  the  parameter 
being  observed;  the  majority  of  the  changes  occur  in  going 
from  the  blunt  base  to  the  shallow  cavity  and  may  in  fact 
occur  for  an  even  shallower  cavity,  though  this  was  not 
investigated  here.  This  result  was  also  evident  in  the  compuu- 
tional  results  of  both  Rudy’  and  Clements*  and  suggests  that, 
whatever  the  mechanism  is  that  causes  the  drag  reduction  for 
the  cavity  bases,  it  is  little  affected  by  depth  once  the  cavity 
has  reached  some  critical,  rather  shallow,  depth. 

It  is  evident  in  the  schlieren  photographs  that  the  basic 
structure  of  the  vortex  street  is  relatively  unmodified  by  the 
presence  of  a  base  cavity,  and  that  the  vortex  motions  do  not 
extend  into  the  cavity  at  all.  In  fact,  the  vortex  formation 
position  is  pushed  slightly  further  downstream  with  a  base 
cavity  as  compared  to  a  blunt  base.  This  is  perhaps  somewhat 
surprising;  since  the  vortices  form  immediately  adjacent  to  the 
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Imk  for  the  blunt  geometry,  one  might  expect  the  vortices  to 
move  partially  into  the  cavity  when  the  solid  boundary  of  the 
blunt  base  is  replaced  with  the  compliant  fluid  boundary  of 
the  cavity  base.  That  this  does  not  occur  refutes  the  hypo¬ 
thesis  of  Nash  et  al.^  that  the  cavity  walls  improve  wake 
stability  aoJ  decrease  drag  by  constraining  the  upstream  part 
of  the  vortices. 

The  fact  that  the  present  results  show  that  the  vortices  do 
not  extend  into  the  cavity  also  accounts  for  the  discrepancy 
between  the  experiments  and  computations  regarding  the 
effect  of  a  base  cavity  on  the  she^ng  frequency.  In  the 
computations,  the  cavity  was  found  to  increase  the  interaction 
between  the  vortices  and  thereby  decrease  the  shedding  fre¬ 
quency.  (Devices  such  as  splitter  plates  and  base  bleed  that 
decrease  interaction  between  the  vortices  have  been  found  to 
yield  an  increase  in  the  shedding  frequency.^'")  In  the  exper¬ 
iments.  the  interaction  between  the  vortices  is  apparently  not 
facilitated  by  the  presence  of  the  base  cavity,  and  so  the 
shedding  frequency  does  not  decrease.  The  observation  that 
the  shedding  frequency  actually  increases  with  a  base  cavity 
may  be  because  the  vortices  form  slightly  further  downstream 
in  this  case  so  that  the  distance  between  the  separated  shear 
layers  is  less  at  the  start  of  vortex  formation.  (Page  and 
Johansen”  have  found  that  the  vortex  shedding  frequency  is 
inversely  proportional  to  the  distance  between  the  separated 
shear  layers).  This  seems  plausible:  in  Bearman’s^'*  splitter 
plate  and  base  bleed  experiments,  the  vortex  formation  posi¬ 
tion  was  moved  downstream  approximately  one  base  height, 
and  the  Strouhal  number  increased  by  roughly  33%.  In  this 
investigation  the  vortex  formation  position  was  moved  down¬ 
stream  approximately  1/10  base  height  due  to  the  cavities  and 
the  Strouhal  number  increased  by  roughly  4-6%. 

The  fact  that  the  drag  reducing  mechanism  of  the  base 
cavity  is  different  than  that  of  either  the  splitter  plate  or  base 
bleed  is  evidenced  by  the  very  diflierent  degrees  of  displace¬ 
ment  of  the  vortex  formation  position  for  these  geometries 
relative  to  a  plain  blunt-based  configuration.  For  the  base 
cavity,  there  are  no  structural  or  fluid  elements  to  interfere 
with  the  interaction  between  the  separating  shear  layers  as  for 
splitter  plates  and  base  bleed.  The  effect  of  the  cavity  on  the 
vortex  street  is  apparently  of  a  more  subtle  nature.  The  results 
of  the  present  surface  flow  experiments  seem  to  refute  even 
Compton's”  theory  that  the  recirculating  flow  in  the  cavity 
forms  a  steady  co-flowing  stream  on  the  inner  edges  of  the 
separated  shear  layers  thereby  decreasing  mixing  and  increas¬ 
ing  the  base  pressure.  If  any  significant  recirculating  flows 
were  present  in  the  cavity,  they  would  most  likely  have  left 
some  directional  indication  in  the  oil  coatings,  and  as  re¬ 
ported  earlier,  this  was  not  found  to  be  the  case  in  the 
experiments  reported  herein. 

A  clue  as  to  what  is  happening  in  the  near  wakes  of  the 
cavity  configurations  comes  from  the  results  of  the  wake  static 
pressure  traverses.  I.t^jure  7  shows  that  the  cavity  base  in¬ 
creases  not  only  the  base  pressure  coefficient  but  also  the 
pressure  coefficient  in  the  near  wake  within  roughly  S/8  base 
heights  of  the  trailing  edge.  Nash  et  al.^  have  stat^  that  the 
value  of  the  pressure  coefficient  in  the  low-pressure  trough  in 
the  wake  of  a  bluff  body  decreases  with  an  increasing  degree 
of  bluffness  of  the  body  and  hence  with  increasing  strength  of 
the  vortex  street.  In  Fig.  7  it  is  apparent  that  the  low-pressure 
troughs  of  the  cavity  bases  do  not  reach  as  low  a  minimum  as 
for  the  blunt  base,  and  this  suggests  that  the  vortex  streets  of 
the  cavity  bases  are  somewhat  weaker  than  the  vortex  street 
of  the  blunt-based  configuration.  The  weaker  vortex  street 
results  in  the  higher  pressure  at  the  base  and  in  the  near-wake, 
and  the  higher  pressure,  in  turn,  may  then  move  the  vortex 
formation  position  to  a  location  slightly  further  downstream 
of  the  trailing  edge  as  compared  to  the  blunt-base  geometry. 

The  question  then  becomes  what  causes  the  weakening  of 
the  vortex  street;  there  are  no  interference  elements  in  the 
wake,  there  is  no  constraint  of  the  upstream  part  of  the 
vortices  by  the  cavity  walls,  and  there  is  apparently  no 


significant  steady  recirculating  flow  causing  the  formation  of  a 
co-flowing  stream.  The  only  difference  between  the  blunt  base 
and  the  cavity  bases  is  that  the  forming  vortices  sec  a  solid 
boundary  at  the  trailing-edge  plane  in  the  one  case  and  a 
compUant  fluid  boundary  in  the  other.  It  is  quite  possible  that 
enhanced  fluid  mixing  at  the  trailing  edge  of  the  base  cavity 
causes  a  greater  loss  of  vorticity  than  does  the  solid  wall 
friction  at  the  trailing  edge  of  the  blunt  base.  The  tuft 
experiments  have  shown  that  the  air  at  the  cavity  entrance  is 
m  a  state  of  unsteady  pulsating  motion  as  it  is  forced  first  one 
way  by  the  vortex  shnlding  from  the  upper  traihng  edge  and 
then  the  other  way  by  the  vortex  shedding  from  the  lower 
trailing  edge.  These  unsteady,  oscillating  air  motions  could 
increase  the  fluid  mixing  at  the  trailing-edge  plane  to  such  a 
degree  ihat  the  forming  vortices  are  weakened.  If  this  is 
indeed  the  case,  then  the  shape  or  geometry  of  the  cavity 
would  seem  to  be  unimportant:  the  cavity  should  be  effective 
as  long  as  it  is  deep  enough  to  completely  replace  the  fluid- 
solid  wall  interaction  for  the  blunt  base  with  a  purely  fluid 
interaction  for  the  cavity  base  and  as  long  as  the  cavity  is  of 
such  a  height  to  cover  the  majority  of  the  base.  This  was,  in 
fact,  evident  in  the  results  of  Pollock,’  who  found  that  the 
drag  reducing  effect  of  a  special  cusp  cavity,  whose  shape  was 
chosen  on  theoretical  grounds  was  essentially  identical  to  that 
of  the  simple  rectangular  cavity  of  Nash  et  al.’  Furthermore, 
the  results  reported  herein,  as  well  as  the  experimental  results 
of  Gements,*  have  indeed  shown  cavity  depth  to  be  unimpor¬ 
tant  once  the  cavity  has  reached  a  somewhat  shallow,  critical 
depth. 

Having  discussed  several  points  of  disagreement  between 
the  present  experimental  results  and  the  computational  results 
of  Rudy’  and  Gements,*  it  is  important  to  reiterate  the 
differences  in  the  relevant  flowfield  conditions  of  these  investi¬ 
gations  in  an  attempt  to  explain  why  these  disagreements  truy 
exist.  One  obvious  difference  is  that  the  computations  mode) 
a  perfectly  two-dimensional  flowfield  although  the  experi¬ 
ments  can  never  be  completely  free  from  three-dimensional 
effects.  In  fact,  Nash”  has  stated  that  over  no  part  of  the 
Reynolds  number  range  is  the  vortex  street  strictly  two  di¬ 
mensional  due  to  the  presence  of  spanwise  periodic  structures 
and/or  random  turbulent  fluctuations.  Considering  the  rela¬ 
tively  small  scale  of  the  wind  tunnel  used  in  this  investigation, 
some  effects  of  three  dimensionality  are  inevitable,  despite  the 
two-dimensional  indications  of  the  surface  oil-flow  patterns 
and  the  base  pressure  measurements.  Apparently,  however, 
the  effects  of  any  three  dimensionalities  are  primarily  confined 
to  the  interactions  of  the  vortices  with  the  base  cavities,  as  the 
results  for  the  blunt-based  model  in  these  experiments  showed 
excellent  agreement  with  the  voi  responding  results  from 
Rudy's  computations.  The  fact  that  the  tufts  suspended  in  the 
base  cavities  did  show  a  degree  of  spanwise  as  well  as  stream- 
wise  motion  lends  support  to  the  argument  that  three-dimen¬ 
sional  effects  in  the  base  cavity  may  affect  the  interactions 
with  the  vortices  in  the  near-wake  region. 

A  second  major  difference  between  the  conditions  of  the 
present  experiments  and  the  computational  results  is  the 
Reynolds  numbers.  For  Rudy's’  computations,  the  Reynolds 
numbers  based  on  freestream  conditions  and  base  height  were 
700  for  the  =  0.4  condition  and  962  for  the  =  0.6 
case.  Furthermore,  the  boundary  layers  at  separation  were 
laminar.  Gements’*  computations,  on  the  other  hand,  were 
inviscid.  In  the  current  experiments,  the  Reynolds  numbers 
based  on  the  reference  conditions  and  base  height  were  be¬ 
tween  1.62  X  10’  and  2.78  x  10’,  and  the  boundary  layers  at 
separation  were  turbulent.  In  his  study  of  vortex  street  wakes 
behind  circular  cylinders,  Roshko”  observed  that  the  devel¬ 
opment  and  characteristics  of  the  vortex  street  are  strongly 
dependent  on  where  the  transition  point  is  located  and  that 
very  different  trends  are  displayed  depending  on  whether  the 
separating  shear  layers  are  laminar  or  turbulent.  Thus,  it  is 
quite  possible  that  the  behavior  of  a  vortex  street  in  the 
presence  of  a  base  cavity  will  likewise  depend  on  the  state  of 
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the  separating  boundary  Uyers.  Rudy  recognized  this  and 
‘  lhat  compuUtions  be  performed  at  higher  Reynolds 

*umbers  using  appropriate  turbulence  models  in  or^  to 
better  match  experimenul  conditions. 

Another  point  to  be  considered  is  that  the  computations 
model  an  unconstrained  frecstream,  whereas  the  experiments 
reflect  the  blocliage  effects  of  the  wind-tunnel  walls.  It  is 
recognized  that  some  of  the  observations  reported  in  the 
present  investigation  may  have  been  influenced  by  wall-inter- 
^nce  effects.  However,  as  discussed  earlier,  it  is  felt  that 
although  wall  interference  may  have  somewhat  affected  the 
absolute  values  of  the  various  measured  flow  parameters,  the 
effects  on  the  basic  structure  of  the  vortex  street  and  the 
trends  of  the  data  with  increasing  Mach  number  or  cavity 
depth  are  probably  small.  Therefore,  the  blockage  effects  are 
probably  less  likely  to  be  the  cause  of  the  observed  discrepan¬ 
cies  between  the  computational  and  experimental  results  than 
the  three-dimensional  and  Reynolds  number  effects  discussed 
above. 

A  final  point  to  consider  is  that  the  cavity  geometries  for 
this  investigation  were  not  identical  in  every  detail  to  those 
used  in  Rudy’s’  computations;  the  cavities  in  the  current 
expenments  covered  80%  of  the  base  height,  whereas  Rudy's 
cavities  spanned  90%  of  the  base  height.  It  seems  doubtful, 
however,  that  this  difference  could  be  responsible  for  the 
discrepancies  reported  herein. 
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Aa  opcriiuMilal  iavcsdgstion  of  tke  coMptes  iBtcfactiou  icgioB  fcactatcd  kjr  Ihc  (cpantioB  of  two  tapmoak 
streaas  past  a  flaite>lkickacts  base  has  beta  coaRactad  ia  a  iw»>diaMaaioaal  a>lad  iaaad.  Tha  data  ware 
oblaiaad  asiag  achlierca  photography,  ptassare  ■easareasaats,  aad  two-coMpoaaat  laaar  Dopplar  vriortwatar 
aiaasaraaaats.  Tha  shaar-layar  ailsiag  rcgloas  aia  chaiactaifaKd  by  iaitlally  coastaat-prassaic  ayxiag,  by  aa 
evolatkm  of  aatocUy  profiles  from  traacatad  boaadary-layar  shapas  to  waktUke  profHat  farther  dowasticam, 
asMl  by  idatieciy  high  levels  of  tarbolaaca.  The  saparatad  flow  ragioB  is  characterisad  by  huge  reverse  flow 
velocities  aad  stroag  iateractioaa  with  tha  low>vciocily  ragioat  of  both  shear  layers.  Tarhaiaace  iaiaasities  aad 
kiaaaMtk  Rayaolds  sticsses  are  stroagiy  affected  by  the  saparatioa  process  at  the  base  aad  iacrcasa  greatly  ia  the 
latter  porthms  of  the  two  shear  layers  aad  ia  the  leeompreisioa  rtgioa.  Recovery  of  the  meaa  velocity  field  ia 
the  redeveloping  wake  occais  quickly,  while  the  tarhaiaace  field  remains  pattarbed  to  the  farthest  streamwiae 
location  inveslivuad. 


Nomenclature 


=  skin-friction  coefficient 
spiitter  plate  height,  25.4  mm 
=  turbulent  kinetic  energy 
=  Mach  number 

=  origin  location  for  the  coordinate  system 
=  pressure 
=  Reynolds  number 

=  Reynolds  number  based  on  boundary-layer  thickness 
=  Reynolds  number  based  on  momentum  thickness 
=  {/-component  of  the  velocity  vector 
=  friction  velocity 

=  K-component  of  the  velocity  vector 
=  width  of  the  wind  tunnel  test  section 
=  coordinate  parallel  to  the  wind  tunnel  floor 
=  coordinate  perpendicular  to  the  wind  tunnel  floor 
=  spanwise  coordinate 
=  boundary-layer  thickness 
=  boundary-layer  displacement  thickness 
=  boundary-layer  momentum  thickness 
=  wavelength  of  laser  light 
=  kinematic  viscosity 
=  wake  strength  parameter 


r  s  shear  stress 

(  )  =  root-mean-square  quantity 


Subscripts 

Base  =  condition  immediately  behind  the  splitter  plate 
e  =  edge  condition 
J  =  iimer  jet  or  lower  stream  condition 
w  =  condition  at  the  wall 

1  =  condition  for  the  Mach  2.56  stream  (upper  sueam) 

2  =  condition  for  the  Mach  2.05  stream  flower  stream) 

00  =  infinity  or  freestream  conditions  of  the  Mach  2.56  stream 


Superscripts 

—  =  ensemble  average 

'  =  fluctuation  from  the  mean  value 
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Introduction 

The  complex  interaction  region  generated  by  the  separa¬ 
tion  of  two  supersonic  streams  past  a  finite-thickness  base 
occurs  frequently  in  high-speed  fli^t  and  is  charaaeristic  of 
the  aft-end  flowfleld  of  a  powered  missile  in  the  supersonic 
flight  regime.  This  fluid  dynamic  flowfleld  exists  in  other 
applications  as  well,  including  the  flow  region  at  the  trailing 
e^e  of  a  blunt  airfoil  in  a  supersonic  freestream  or  the  initial 
mixing  region  of  confluent  multiple  streams  in  a  supersonic 
combustor.  In  each  of  these  cases  the  near-wake  re^on  is 
dominated  by  strong  velocity  and  density  gradients,  energetic 
viscous  interaaions,  and  expansion  and  compression  pro¬ 
cesses  covering  the  full  range  of  gas  dynamic  regimes. 

Research  programs  through  the  years  have  attempted  to 
develop  analytical,  numerical,  and  experimental  insist  into 
the  fluid  dynamic  processes  ongoing  in  the  near-wake  region. 
The  usual  motivating  goal  is  the  development  of  a  predictive 
capability  for  base  pressure  and  other  flowfleld  properties 
over  a  wide  range  of  flight  regimes.  The  analyses  develop  a 
physical  flow  model  of  the  strong  dissipative  regions  of  the 
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near  wake,  including  interaction  with  the  adjacent  invisdd 
'egions.  and  attempt  to  find  applicability  for  a  variety  of  Mach 
number,  Reynolds  number,  and  afterbody  geometry  condi- 
nons.  The  dominant  analytical  approach  has  been  the  Chap- 
man-Korst  component  model in  which  the  turbulent  base 
lowfield  is  separated  into  distinct  regions  and  each  part  is 
malyzed  individually,  subject  to  appropriate  assumptions  and 
X)undary  conditions.  The  expansion  process  at  the  geometric 
corner,  the  shear  layer  mixing  process,  and  the  recompression 
and  redevelopment  processes  (see  Fig.  1)  are  each  analyzed  as 
separate  components,  utilizing  empirical  formulations  as 
n^ed.  The  individual  components  are  then  joined  together 
into  an  overall  model  of  the  separated  flowfleld,  allowing  for 
interaction  between  each  component,  and  a  unique  solution  is 
determined. 

With  the  advent  of  more  powerful  computing  facilities 
during  recent  years,  both  thin-layer  and  full  Navier-Stokes 
computations  of  high-speed  separated  base  flows  have  been 
performed.  To  date  the  agreement  of  these  computations  with 
experimental  measurements  of  high-speed  separated  flow- 
fields  has  been  only  moderate.^  However,  by  focusing  on  the 
issues  of  grid  resolution  and  alignment,  as  well  as  turbulence 
modeling,  improved  predictions  of  these  flows  have  recently 
been  obtained.^'  The  difficulty  in  accurately  computing  these 
flows  is  understandable  due  to  their  complexity,  since  they 
include  regions  of  large  flow  propeny  gradients  in  thin  shear 
layers,  expansion  waves,  and  shock  waves,  and  also  due  to  the 
inability  of  the  current  generation  of  turbulence  models  to 
adequately  treat  such  effects  as  lar(.  streamline  curvature, 
compressibility  (i.e.,  high  Mach-number  effects),  shear-layer 
impingement,  and  the  effeas  on  turbulence  of  the  previously 
mentioned  large  gradient  regions. 

To  aid  in  the  understanding  of  the  detailed  mechanisms 
of  these  high-speed  flows  both  with  and  without  regions  of 
significant  flow  separation,  a  program  of  small-scale  wind 
tunnel  experiments  of  simple  flow  geometries  has  been  con- 
duaed  at  the  University  of  Illinois  at  Urbana-Champaign. 
Initial  experimental  work  has  examined  in  detail  the  shear- 
layer  mixing  process’-'*’  and  the  recompression  and  reattach- 
ment  processes."*'^  The  measurements  presented  here  take  the 
next  step  in  this  progression  and  add  the  recirculating  region 
and  the  wake  redevelopment  region  (see  Fig.  1)  as  focuses  of 
study  to  obtain  experimental  data  for  a  unified  two-stream 
near-wake  flowfield.  The  present  experimental  program  has 


Fig.  1  Detailed  flowfield  cbaracterislics  generated  by  the  separatioa 
of  two  supersonic  streams  past  a  finite-thickness  base. 
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Fig.  2  Schematic  of  the  oiigia  iocation  and  coordinate  system  nacd 
for  coNcction  and  presentation  of  the  near-wake  inicractioa  mean  and 
turbulence  data. 


obtained  measurements  over  the  full  range  of  mechanisms 
exhibited  in  this  flowfield  for  a  well-determined  set  of  incom¬ 
ing  flow  conditions.  The  data  for  these  experiments  are  ob¬ 
tained  from  schlieren  photography,  sidewall  pressure  mea¬ 
surements,  and  laser  Doppler  velodmeter  (LDV)  measurements. 
The  use  of  a  two-color,  two-component,  frequency-shifted 
LDV  system  to  measure  instantaneous  flow  velocity,  despite 
its  added  complexity,  has  certain  special  advantages  in  the 
near-wake  separated  flowfleld.  Most  past  near-wake  interac¬ 
tion  experiments  have  focused  on  mean  velocity  values  ob¬ 
tained  from  pressure  distribution  data  gathered  by  intrusion 
into  the  near  wake,  usually  with  a  single  pressure  probe  or  a 
probe  rake.  The  LDV  measurements  of  the  current  investiga¬ 
tion  provide  accurate  instantaneous  velocity  data  obtained 
in  a  nonintrusive  way  by  an  instrument  requiring  no  prior 
calibration. 

The  primary  objective  of  this  experimental  investigation  of 
the  supersonic,  two-stream  base  flow  is  to  investigate  the 
fundamental  fluid  dynamic  mechanisms  existing  in  the  near¬ 
wake  flowfleld  with  an  aim  toward  better  understanding  of 
each  individual  process  and  how  they  interact.  Detailed  data 
have  been  collected  in  all  regions  of  the  near-wake  flowfleld  in 
order  to  examine  such  features  as  changes  in  velocity  proflles 
due  to  the  comer  expansion  process,  evolution  of  the  velocity 
proflles  during  shear-layer  mixing,  strength  and  influence  of 
the  recirculating  region,  and  mean  and  turbulent  flowfleld 
changes  during  the  recompression,  reattachment,  and  down¬ 
stream  wake  redevelopment  processes. 

The  results  and  trends  of  the  LDV  data  obtained  for  the 
two-stream  interaction  flowfleld  are  presented  in  a  series  of 
two  articles.  This  First  article  presents  the  background,  objec¬ 
tives,  and  techniques  involved  in  making  the  velocity  measure¬ 
ments  in  this  flowfleld,  and  then  gives  general  trends  and 
features  of  the  mean  and  turbulence  fields  for  the  overall 
global  interaction  as  they  change  with  downstream  distance. 
In  the  second  paper,  detailed  data  will  be  shown  for  each  of 
the  components  of  the  flowfleld,  such  as  the  shear-layer  mix¬ 
ing  regions  and  the  recompression/reattachment  region,  and 
trends  for  each  component  will  be  compared  to  literature 
specific  for  that  component.  The  tvio  papers,  taken  together, 
will  then  form  a  complete  picture  of  the  turbulent  nature  of 
this  near-wake  interaction. 

Experimental  Facilities  and  Measurement  Techniques 

Faciiilies 

This  investigation  of  the  near-wake  interaction  utilized  the 
air  supply  and  wind  tunnel  facilities  of  the  Mechanical  Engi¬ 
neering  Laboratory  at  the  University  of  Illinois  at  Urbana- 
Champaign  for  a  series  of  dry,  cold  air  experiments.  A  two- 
dimensional  wind  tunnel  test  section,  shown  schematically  in 
Fig.  1,  produced  two  uniform  supersonic  streams  which  sepa¬ 
rated  at  the  geometric  comers  of  a  finite-thickness  splitter 
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plate  and  formed  a  flowfield  characteristic  of  the  aft-end  of  a 
powered  missile,  including  expansion  at  the  separation  points, 
formation  of  a  recirculating  region  bounded  by  two  shear- 
layer  mixing  regions,  recompression  and  reattachment  of  the 
shear  layers,  and  downstream  wake  redevelopment. 

The  common  upstream  plenum  chamber  provided  com¬ 
pressed  air  at  517  kPa  to  two  separate  pipe-and- valve  arrange¬ 
ments  supplying  the  two  converging-diverging  nozzles.  These 
nozzles  us^  the  splitter  plate  as  a  half-nozzle  symmetry  plane. 
The  upper  stream  nozzle  produced  a  uniform  exit  plane  flow 
50.8  mm  in  height,  having  a  Mach  number  of  2.56,  and  a 
splitter  plate  boundary-layer  thickness  of  3.35  mm.  The  lower 
stream  nozzle  was  shorter  in  length  and  produced  a  uniform 
rat  plane  flow  25.4  mm  in  height,  having  a  Mach  number  of 
2.05,  and  a  splitter  plate  boundary-layer  thickness  of  1.46 
mm.  These  two  supersonic  streams  separated  past  the  25.4- 
mm-thick  base  and  produced  the  near-wake  interaction  flow- 
field.  The  test  section  region  was  50.8  mm  wide  and  101.6  nun 
in  height  and  was  within  view  of  clear  glass  windows  on  both 
sides  of  the  wind  tunnel  for  optical  diagnostic  access.  As 
illustrated  in  Fig.  2,  the  origin  for  the  coordinate  system  was 
located  on  the  centerline  of  the  wind  tunnel  at  the  upper  rear 
edge  of  the  splitter  plate.  All  features  of  the  near-wake  flow- 
field,  including  wake  redevelopment,  occurred  within  the  mea¬ 
surement  domain  before  the  mixed  flow  exited  the  test  section 
through  a  constant-area  diffuser. 


Measarenicnl  Tcchakiues 

The  measurement  techniques  employed  in  this  investigation 
included  schlieren  photography,  stagnation  and  static  pressure 
measurements,  and  laser  Doppler  velocimetry.  Schlieren  pho¬ 
tographs  obtained  with  a  1.4-/is  spark  source  were  us«l  to 
charaaerize  the  qualitative  features  of  the  overall  flowfield 
and  to  determine  spatial  locations  for  LDV  measurements. 
The  sidewall  sutic  pressure  data  were  collected  using  an  alu¬ 
minum  window  insert  which  replaced  one  of  the  glass  side 
windows  and  had  a  grid  of  370  pressure  taps.  The  pressure 
levels  were  measured  with  a  Pressure  Systems  Incorporated 
(PSI)  digital  pressure  transmitter  system  and  yielded  pressure 
measurements  in  all  regions  of  the  near-wake  interaction  in¬ 
cluding  along  the  shear-layer  mixing  regions. 

The  two-component,  two-color  LDV  system  was  based  on 
Thermal  Systems  Incorporated  (TSJ)  optical  and  electronic 
components  and  employed  a  Spectra-Physics  S-W  argon  ion 
laser.  The  green  beam  (X  =  514.5  nm )  and  the  most  powerful 
blue  beam  (X  =  488.0  nm)  were  used  in  the  beam  splitting 
and  recombination  processes  which  produced  the  ellipsoidal 
measurement  volumes.  The  use  of  a  350-mm  focal  length 
transmitting  lens  with  22-mm  beam  spacing  produced  a  green 
measurement  volume  of  0.183  mm  diameter,  6.08  mm  length, 
with  8.53-Mm  fringe  spacing.  The  blue  measurement  volume 
diameter,  length,  and  fringe  spacing  were  0. 179  mm,  5.92  mm, 
and  8.09  nm,  respectively.  These  fringe  spacings,  in  combina¬ 
tion  with  the  40  MHz  frequency  shift  and  orientation  of  the 
fringes  at  ±  45  deg  to  the  mean  flow  direction,  kept  signal 
frequencies  within  range  of  the  electronic  equipment  while 
moving  the  fringes  at  a  high  enough  velocity  to  reduce  fringe 
bias  probabilities  and  eliminate  directional  ambiguity.  TSI 
frequency  counters,  operated  in  the  single-measurement-per- 
burst  m^e  with  high-  and  low-pass  filtering,  were  used  to 
determine  the  Doppler  shift  frequencies  of  the  signals  from  the 
photodetectors  and  to  perform  validation  checks  to  remove 
erroneous  data.  The  receiving  optics  of  the  LDV  system  were 
oriented  in  a  forward  scatter  mode  10  deg  from  the  optical  axis 
in  order  to  reduce  the  effective  length  of  the  measurement 
volume  to  1.46  mm  and  to  provide  optimum  signal-to-noise 
ratio  of  the  scattered  laser  light.  The  output  from  the  LDV 
system’s  frequency  counters  was  stored  in  the  memory  of  a 
DEC  PDP  1 1/73  minicomputer  by  means  of  a  direct  memory 
access  board,  and  the  data  were  transferred  serially  to  an 
HP-9000  computer  system  for  reduction,  analysis,  and  plot- 
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ting.  The  laser,  transmitting  optics,  and  collection  optics  were 
mounted  on  a  traversing  table  which  allowed  movement  is 
all  three  coordinate  directions  with  an  accuracy  of  approxl 
imately  ±0.1  mm.  ■ 

Seeding  of  the  flow  for  the  LDV  measurements  was  accom¬ 
plished  by  injecting  silicone  oil  droplets  (50  cP  viscosity)  pro|i 
duced  by  a  TSI  six-jet  atomizer  into  the  stagnation  chamb«9 
To  address  the  issues  of  particle  size  and  flow-following  capa^* 
bility  (i.e.,  panicle  dynamics  effects),  a  series  of  panicle  lag 
experiments  was  conducted  whereby  LDV  measurements  werM 
made  across  an  oblique  shock  wave  produced  by  a  IS-de^l 
compression  comer  in  a  Mach  2.0  wind  tunnel.  Using  thesV 
measurements,  together  with  a  panicle  relaxation  analysis 
based  on  the  work  of  Maxwell  and  Seasholtz'*  and  the 
law  of  Walsh,”  the  silicone  oil  droplets  used  in  these  experS 
ments  are  estimated  to  be  1.0  ^m  in  diameter.  Droplets  of  thiB 
size  have  an  Eulerian  frame  of  reference  frequency  response  of 
up  to  approximately  200  kHz  which  is  adequate  for  following 
the  turbulent  fluauations  of  the  current  near-wake  flowfieldj 
The  use  of  counter-type  signal  processors  to  measure  intm 
vidua)  velocity  realizations  introduces  additional  consider¬ 
ations,  especially  in  high-spe^  flows,  due  to  counter  clock 
resolution,  statistical  uncertainty,  velocity  bias,  fringe  bia^l 
and  spatial  resolution.  The  ±  1  ns  accuracy  of  the  countet||| 
results  in  a  minimum  measurable  turbulence  intensity  in  the 
highest  speed  regions  of  the  flow  of  1.37%,  with  proportion¬ 
ately  sm^er  values  in  the  lower  speed  regions.  To  control  thS 
uncertainty  due  to  finite  sample  size,  either  2048  or  409^ 
velocity  realizations  were  generally  collected  throughout  the 
flowfield.  At  a  confidence  level  of  95%,  the  resulting  statisti¬ 
cal  uncertainty  in  the  mean  velocity  is  therefore  a  maximum  ofl 
±  3%  for  turbulence  intensities  less  than  about  100%,  and  thS 
statistical  uncertainty  in  the  standard  deviation  is  a  maximunn 
of  approximately  ±3.1%.  For  the  current  low  dau  density 
measurements,”  the  seed  particles  generated  valid  DoppleH 
signals  at  a  rate  several  orders  of  magnitude  lower  than  thi 
capability  of  the  processors  to  sample,  resulting  in  a  fre^ 
running  processor  condition  in  which  the  LDV  data  is  totally 
velocity  biased.”  To  correct  for  this  condition,  a  two-dimeifl 
sional  inverse  velocity  magnitude  weighting  scheme”  has  be^[ 
employed.  As  mentioned,  the  relatively  large  fringe  spacing^ 
use  of  the  40-MHz  frequency  shift,  and  the  ±  4S-deg  orienta¬ 
tion  of  the  fringes  to  the  mean  flow  direction,  greatly  reduce^ 
the  possibility  of  fringe  bias  in  these  experiments.  In  faa,  afl 
implementation  of  the  fringe  bias  analysis  of  Buchhave** 
demonstrated  that  for  the  vast  majority  of  the  measurements 
the  fringe  bias  correction  was  less  than  3%  and,  as  a  result,  n« 
such  correction  has  been  used  in  the  measurements  presentefl 
here.  Spatial-resolution  errors  can  also  occur  in  high-gradient 
regions  of  the  flow  due  to  the  finite  size  of  the  probe  volume. 
Using  the  analysis  of  Karpuk  and  Tiedeiman,”  the  maximi 
spatial-resolution  error  at  the  location  S  mm  downsi 


Fig.  3  Scklicrcn  pbolograpb  of  the  two-strean  hitciaetioB  flowfkM 
visibic  Ibroogb  the  sidewall  windows  of  the  wind  Innnel  test  i 
(1.4-ns  flash  dnration). 
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TaMel  Proturtki  ef  the  MRdi  2.54  — d  M»c>  2.05  bo—<MT  toym 


Parameter 

Upper  stream 

Lower  stream 

Mach  number 

2.54 

2.05 

3.35 

1.46 

6*  am 

0.947 

0.393 

0,  mm 

0.220 

O.IU 

Re,  m"' 

5.12  X  lO’ 

6.36  X  10’ 

Re» 

1.12  X  10* 

7.48  X  10* 

n 

0.9216 

1.121 

u„  m/s 

25.11 

21.45 

Cf 

0.001597 

0.001821 

f1t.4  Tkn»-<tlm«Bri<MMil  wif ace  coRto«r  ttprwf tetfcMi  of  the  il«0c 
prettarc  levels  esistlai  in  the  near-wake  interaction  flowlield  (viewed 
from  npstream). 


from  the  base  is  estimated  to  be  m  2.8%  for  the  mean  velocity 
and  m  4.8%  for  the  turbulence  intensity,  with  much  smaller 
errors  in  the  downstream  regions  of  the  near-wake  flow. 

Further  details  concerning  the  equipment  and  apparatus, 
measurement  methods,  and  experiment^  procedures  are  found 
in  Ref.  20. 

Experimental  Results  and  Discussion 
Two-Dimensionality  of  the  Flowfieid 

Past  work^'-^  has  indicated  the  tendency  for  existence  of 
spanwise  nonuniformity  in  flowfields  characterized  by  large 
embedded  separation  regions  leading  to  reattachment.  To  ex¬ 
amine  these  effects  in  the  present  flowfieid,  transverse  profiles 
of  velocity  were  obtained  at  three  spanwise  locations:  at  the 
midplane  (Z  =  0)  and  at  Z  =  ^10  mm  from  the  midplane.  In 
addition,  these  profiles  were  obtained  at  three  streamwise 
locations  chosen  to  examine  distinctly  different  regions  of  the 
near- wake  flowfieid:  X  =  25  mm  where  separate  shear  layers 
and  recirculation  were  present,  X  =  45  mm  in  the  recompres¬ 
sion  and  reattachment  region,  and  X  =  100  mm  in  the  redevel¬ 
oping  downstream  wake.  The  centerline  and  off-centerline 
streamwise  mean  velocity  and  turbulence  intensity  profiles 
show  that  the  central  40%  of  the  test  section  flowfieid  was 
highly  two-dimensional  in  all  regions,  with  the  largest  devia¬ 
tions  occurring  in  the  recirculating  region.  Once  impingement 
of  the  two  shear  layers  occurred,  the  LDV  data  indicate  very 
little  deviation  from  two-dimensionality  at  any  transverse  lo¬ 
cation.  Although  regions  of  slight  three-dimensionality  do 
exist,  they  seem  characteristic  of  the  fluid  dynamic  processes 
ongoing  in  those  components  of  the  near-wake  and  are  not 
due  to  the  wind  tunnel  design  or  sidewall  boundary  layers. 


Tnrbalciit  Boandaiy  Layers 

The  turbulent  boundary-layer  charaaeristics  of  the  two  su¬ 
personic  streams  provide  the  initial  conditions  for  the  expan¬ 
sion,  mixing,  recompression,  and  redevelopment  processes 


which  occur  in  the  near  wake.  Detailed  LDV  measurements 
were  made  of  the  boundary  layers  which  developed  on  the 
upper  and  lower  surfaces  of  the  splitter  plate  at  a  location  4 
am  before  geometric  separation.  Two-component  measure¬ 
ments  were  made  to  a  distance  of  0.7S  mm  from  either  surface 
and  then  one-component  measurements  completed  the  survey 
to  a  distance  within  0.25  mm  above  eithn  surface.  The  mea¬ 
sured  velocity  profiles  for  the  upper  and  lower  boundary 
layers  were  fit  to  the  genoaiized  vdodty  profile  equation  of 
Sun  and  Childs^  using  the  boundary-layer  thickness  6,  the 
friction  velocity  u„  and  the  wake  stren^  parameter  n  as 
curve-fit  coefficients.  The  important  parameters  describing 
the  growth  and  development  of  the  two  boundary  layers  inior 
to  separation  are  presented  in  Table  1.  The  differences  in 
thicknesses  between  the  Mach  2.S6  stream  (S  =  3.35  mm)  and 
the  Mach  2.05  stream  (S=  1.46  mm)  were  generated  intention¬ 
ally  to  simulate  the  ratio  of  boundaiy-layer  thicknesses  typical 
of  powered  missile  applications.  The  aim  was  to  simulate  zero 
an^e-of-attack  conflgurations  while  including  the  effects  of 
strong  expansion  of  the  iimer  propulsive  flow.  The  wake 
strength  parametor,  friction  velocity,  and  skin-friction  coeffi¬ 
cient  values  are  consistent  with  earlier  studies*-* of 
compressible  turbulent  boundary  layers. 

GIoImI  Ncar-Wake  Inlctactloa  flowfieid 

Schlieren  photography  has  been  used  to  obtain  a  qualitative 
view  of  the  component  processes  existing  in  the  near-wake 
interaction.  The  schlieren  photograph  of  Fig.  3  shows  well-de¬ 
veloped  splitter  plate  boundary  layers  undergoing  strong  ex¬ 
pansion  and  turning  processes  at  geometric  separation.  The 
two  free  shear  layers  generated  at  separation  appear  to  be 
initially  very  thin  and  to  undergo  a  moderately  long  constant 
pressure  mixing  region  before  they  show  any  signs  of  curva¬ 
ture  associated  with  the  recompression  process  prior  to  im¬ 
pingement.  The  beginning  of  the  recompression  process  for 
each  shear  layer  is  marked  by  the  first  compression  waves 
which  emanate  from  the  slightly  supersonic  regions  of  the 
shear  layer  and  eventually  coalesce  into  the  recompression 
oblique  shock  wave.  One  of  the  more  interesting  features  in 
this  photograph  is  the  apparent  large-scale  turbulent  struc¬ 
tures  which  border  the  edges  of  the  redevelopment  core  pro¬ 
duced  by  the  impingement  of  the  two  free  shear  layers.  These 
structures  are  similar  to  those  that  occur  in  high-Reynolds- 
number  free  jets  and  have  an  effect  on  the  turbulence  intensi¬ 
ties  measured  in  the  redeveloping  wake.  Similarly,  each  shear 
layer  shows  signs  of  large-scale  structures  and  intermittency  at 
its  edges,  especially  on  the  side  bounded  by  the  recirculating 
region. 

The  arrangement  of  sidewall  stetic  pressure  up  locations 
was  designed  to  obtain  detailed  pressure  surveys  of  the  expan¬ 
sion  process,  mixing  layers,  and  recompression  and  redevelop- 
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ment  processes.  The  three-dimensioiial  contour  plot  of  Fig.  4 
shows  the  static  pressure  data  viewed  by  an  observer  located 
upstream  at  the  base  and  looking  in  the  streamwise  direction. 
Although  no  detailed  vertical  scale  is  given  for  the  levels  of 
static  pressure,  a  relative  indication  of  the  pressure  magnitude 
can  obtained  by  recognizing  that  the  matimiim  «tmip  pres¬ 
sure  in  the  figure  is  66.9  kPa  and  occurs  at  the  exit  of  the  Mach 
2.05  nozzle,  while  the  minimum  sutic  pressure  of  12.2  kPa 
occurs  in  the  highly  expanded  flow  region  downstream  of  the 
Mach  2.05  nozzle  and  just  upstream  of  the  lower  recompres¬ 
sion  shock  wave.  In  a  quantitative  sense  the  plot  of  Fig.  4 
shows  the  sttong  expansion  of  the  two  supersonic  streams  to 
the  low  base  pressure  “valley"  immediately  behind  the  finite- 
thickness  base,  the  initially  constant  pressure  mixing  of  the 
two  shear  layers,  and  the  gradual  but  strong  pressure  rise 
through  the  recompression  and  reattachment  regions  extend¬ 
ing  into  the  downstream  wake  redevelopment  region.  The  base 
pressure  measured  in  the  region  behind  the  splitter  pii*f  was 
13.8  kPa. 

A  profile  of  the  measured  sutic  pressure  along  a  <-«iti.riini. 
extending  downstream  from  the  vertical  center  of  the  spiiner 
plate  is  shown  in  Fig.  5.  The  sutic  pressure  has  been  nondi- 
mensionalized  by  the  average  base  pressure  (13.8  kPa)  and  the 
streamwise  distance  was  nondimensionalized  by  the  value  of 
the  splitter  plate  height.  The  dau  in  Fig.  5  inttimff.  the  rela¬ 
tively  constant  pressure  existing  in  the  recirculating  region  just 
downstream  of  the  base  and  the  strong  pressure  rise  which 
occurs  during  the  recompression  and  impingement  process  for 
the  two  shear  layers.  Since  impingement  of  the  shear  layers 
occurs  at  approximately  X/H  =  1.37,  the  dau  illuatrste  the 
initial  pressure  rise  up  to  reattachment  and  the  substantial 
increase  in  pressure  existing  downstream  of  that  location.  The 
maximum  pressure  rise  level  of  P/Phtm  =  2.92  (at  X/H  ®  4.0) 
is  consistent  with  other  experimental  dau"'*’  and  indientnit 


the  strong  mixing  and  diffusionlike  processes  occurring  in  the 
separated  flow  region.  _ 

The  LDV  dau  presented  in  this  P^er  are  intended  to  givel 
an  overview  of  the  mechanisms  existing  in  the  near-wake* 
interaction,  including  a  detailed  indication  of  the  mwiii  now 
and  some  turbulence  quantities.  The  objective  of  this  overview^ 
is  to  show  representative  dau  highlighting  the  dramatici 
changes  in  mean  velocity  and  turbulence  quantities  in  theB 
region  immediately  behind  the  splitter  plate  and  in  the  initial 
stages  of  recompression  and  reatuchment.  The  LDV  data^ 
presented  herein  include  the  “reference”  upstream  boundary^ 
layer  traverses,  every  other  vertical  traverse  from  5.0  mnS 
behind  the  splitter  plate  to  40.0  mm  downstream,  and  then 
every  measured  traverse  from  X  =  40.0  to  55.0  mm.  In 

of  the  dau  presented  in  Fig.  12,  the  profiles  extend  to  th^m 
farthest  downstream  location,  namely  ax  X  =  160  mm.  Thf| 
omission  of  some  LDV  traverses  from  the  figures  for  the 
global  interaction  was  necessary  to  reduce  plot  congestion.  In 
the  presentation  of  these  results,  all  of  the  instantaneous  ve-B 
locity  dau  obtained  with  the  LDV  system  have  been  rotated  toB 
a  coordinate  system  which  aligns  the  u-component  direction 
parallel  to  the  wind  tunnel  floor  (primary  streamwise  direc¬ 
tion)  and  the  v -component  direction  perpendicular  to  theH 
wind-tunnel  floor  (see  Rg.  2).  B 

The  mean  velocity  profiles  obtained  from  the  LDV  instanu- 
neous  dau  are  shown  in  vector  represenution  in  Fig.  6.  The 
vector  field  plot  clearly  shows  the  approach  and  separation  ofB 
the  two  turbulent  boundary  layers  from  the  upper  and  lowerB 
surfaces  of  the  splitter  plate,  with  the  resulting  large  separated^ 
flow  region.  The  shear-layer  mixing  regions  spread  with  stream- 
wise  distance  until  impingement  occurs  approximately  1-4B 
base  heights  downstream  of  separation  (at  X  >  34.9  mm),B 
where  the  recirculating  region  ends  (no  negative  streamwise 
velocity  componenu  are  measured)  and  recovery  of  the  wake 
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Fig.  6  Mean  vdodty  vector  fleid  for  the  two-stream  interaction 
flowfieid  showing  the  near-wake  region. 
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Fig.  8  Transverse  nman  velocity  profBes  for  the  two-stream  interac¬ 
tion  flowfieid  showing  the  near-wiriie  region. 
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deficit  begins.  The  turbulent  mixing  which  occurs  throughout 
:he  recompression  and  reattachment  regions  quickly  effects 
elimination  of  the  velocity  deHcit  by  approximately  five  base 
rteights  downstream  of  separation,  although  only  pan  of  this 
orocess  can  be  seen  in  Fig.  6. 

Examining  Fig.  6  in  greater  detail,  the  data  show  that  the 
jpper  Mach  2.56  flow  has  a  freestream  velocity  of  584  m/s 
oefore  separation  and  expands  sharply  downward  around  the 
eomer  of  the  base  to  a  flow  angle  of  approximately  — 10.6  deg 
(relative  to  the  freestretm).  The  lower  Mach  2.05  freestream 
moves  at  a  velocity  of  S24  m/s  before  separation  and  then 
expands  upward  almut  the  splitter  plate  comer  at  an  angle  of 
approximately  21.6  deg.  Both  turbulent  boundary  layers  are 
fully  developed  and  expand  upon  geometric  separation  to  a 
matched  baM  pressure  of  13.8  kPa  which  exists  in  the  recircu¬ 
lating  region.  The  inner  jet-to-freestream  static  pressure  ratio 
(Pj/Pm  or  F2/P1)  just  prior  to  geometric  separation  was  mea¬ 
sured  to  be  2.14.  The  mean  velocity  vectors  shown  in  Fig.  6 
illustrate  the  complex  nature  of  separation  past  a  relatively 
thick  base,  and  indicate  differences  from  the  type  of  wake 
developed  behind  a  very  thin  splitter  plate.^ 

The  vector  representation  of  the  recirculating  region  in 
Fig.  6  indicates  the  existence  of  two  large  separation  bubbles. 
The  upper  separation  bubble  rotates  clockwise  while  the  lower 
bubble  rotates  counterclockwise,  and  relatively  large  velocity 
magnitudes  exist  in  this  region.  Historically  posed  by  Korst^  as 
a  “dead-air”  region,  the  recirculating  region  of  the  near-wake 
in  the  present  investigation  had  a  maximum  negative  velocity 
of  132  m/s  at  the  X  =  22.5  mm  streamwise  location.  This 
maximum  reverse  flow  velocity  magnitude  of  0.23ut  is  very 
consistent  with  the  results  of  Petrie  et  al.,’-'*’  Sa^my  et 
al.,"'*’  and  Etheridge  and  Kemp,^  m  the  entire  ra^ige  of  Mach 
numbers. 

The  streamwise  mean  velocity  profiles,  nondimensionaiized 
by  the  edge  velocity  of  the  Mach  2.56  stream  prior  to  separa¬ 


tion,  are  shown  in  Fig.  7.  The  dashed  line  at  each  X  value 
represents  the  streamwise  location  of  the  traverse  and  the 
w/Ui  =  0  plane  for  that  set  of  data.  The  upstream  boundary- 
layer  proflles  represent  a  typical  range  of  u/U|  beginning  at  a 
value  of  1.0  in  the  Mach  2.56  stream  and  0.90  in  the  Mach  2.05 
stream  (uj/wi  =  0.9)  and  decreasing  to  zero  on  the  two  sur¬ 
faces  of  the  splitter  plate.  This  series  of  proflles  once  again 
indicates  the  Imge  negative  velocities  occurring  in  the  recircu¬ 
lating  region  and  the  recovery  of  the  velocity  defect  with 
downstream  distance.  The  very  fine  transvme  resolution  of 
the  LDV  measurement  locations  yields  m -component  data 
which  show  the  spreading  of  the  velocity  proflles  in  each  of  the 
shear  layers  from  a  very  sharp  gradient  at  the  =  5.0  mm 
location  to  a  much  broader  velocity  change  for  the  thickened 
shear  layers  at  the  streamwise  stations  near  recompression  and 
reattachment.  The  rapid  recovery  of  the  mean  velocity  defea 
is  consistent  with  the  data  of  Samimy  and  Addy'^  for  a  similar 
two-stream  near-wake  interaction  between  Mach  2.07  and 
Mach  1.50  streams. 

The  mean  velocity  field  in  the  transverse  direction  is  shown 
in  Fig.  8  for  the  range  of  profiles  in  the  near-wake  region.  The 
sign  convention  illustrate  by  the  data  is  consistent  with  the 
coordinate  system  defined  using  Fig.  2;  the  large  positive 
values  of  v/ui  occurring  for  the  lower  stream  indicate  the 
strong  expansion  and  turning  which  that  region  experiences 
during  the  mixing  process.  One  noticeable  difference  between 
the  sueamwise  and  transverse  mean  velocity  profile  character¬ 
istics  for  any  particular  X  location  is  the  slower  relaxation  of 
the  transverse  profiles  with  downstream  distance. 

The  turbulence  field,  represented  in  part  by  the  streamwise 
turbulence  intensity  proflles  of  Fig.  9,  demonstrates  strong 
enhancement  of  mixing  due  to  the  interaction  at  the  base.  The 
counter  clock  resolution  problem  with  the  LDV  system  is 
illustrated  in  the  edge  values  of  {u  '}/Ui  of  approximately 
in  the  two  relatively  high-velocity  isentropic  core  flows.  The 


Fig.  10  Transverse  turbnleiice  intensity  proflles  for  tbe  two-streana 
interaction  flowfield  showing  the  near-w^e  region. 


Fig.  12  Maxiainm  tnrhnlence  intensities  and  shear  stresses  for  the 
two-sireao  interaction  flowfield  showing  the  entire  streanawise  range 
of  measnrements. 


Fig.  11  Kinematic  Reynolds  stress  profiles  lor  the  two-stream  inter-  Fig.  13  Tnrhnient  kinetic  energy  proflles  for  the  two-strenm  interac- 

action  flowfield  showing  the  near-wake  region.  tkm  flowfield  showing  the  near-wake  region. 
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smkiiiR  feature  of  Fig.  9,  however,  is  the  relatively  high  levels 
of  streamwiae  turbulence  intensity  reaching  nearly  3CWh  in  the 
latter  streamwise  stations  in  the  mixing  layers  «nd  in  the 
reco^ression  and  reattachment  regions.  Despite  similarities 

intensity  profiles  across  either 
‘’y  Andreopoulos  and  Bradshaw" 

trends  are  similar  and  indicate  strons  sh«ir  j 

rs.ss"p.^ 

The  transverse  turbulence  intensity  profiles  sho^  in  Fig  10 
similai^renect  the  strong  mixing  near  recompression  and  the 
disturbed  nature  of  the  turbulence  field  even  downstream  to 
the  last  traverse  location  shown.  Fig.  10,  now  scaled  twice  as 
sensitive  for  a  maximum  (v  ')/m,  value  of  30SW  (as  compared 
to  the  scaling  of  (u  ')/u,  in  Fig.  9),  shows  the  moderately  low 
levels  of  transverse  turbulence  intensity  existing  in  both  of  the 
upstream  boundary  layers  in  contrast  to  the  high  levels  of 
(v')/ui  occurring  in  the  shear  layers.  The  transverse  turbu¬ 
lence  intensity  appears  to  spread  more  broadly  across  the 
transverse  height  of  the  interaction  region  than  the  streamwise 
turbulence  intensity  does  and  is  similar  to  results  obtained  by 
Kuntz  et  al.^'  for  a  Mach  2.94  shock-wave/boundary-layer 


interaction  flowfield. 

The  data  for  the  kinematic  Reynolds  stress  portion  of  the 
turbulent  shear  stress  for  the  near-wake  interaction  region  are 
nondimensionalized  by  the  square  of  the  Mach  2.56  edge 
velocity  and  plotted  in  Fig.  1 1 .  Initially  low  levels  of  Reynolds 
stress  in  the  splitter  plate  boundary  layers  rise  to  re^vely 
high  levels  immediately  downstream  of  separation,  persist 
throughout  the  mixing  layer  development,  and  reach  maxi¬ 
mum  values  in  the  recompression  and  reattachment  regions. 
The  Reynolds  stresses  then  tend  to  decrease  sharply  after 
reattachment,  very  similar  to  the  trends  of  incompressible 
reattachment  as  shown  by  the  data  of  Chandrsuda  and  Brad¬ 
shaw.^  The  lower  Mach  2.05  stream’s  mixing  layer  appears  to 
be  more  highly  turbulent  than  the  Mach  2.56  stream,  and  as 
suggested  by  Samimy  and  Addy”  may  be  the  result  of  a 
stronger  separation  and  expansion  process  for  this  shear  layer, 
or  may  be  the  consequence  of  a  lower  convective  Mach  num¬ 
ber."  The  decrease  in  Reynolds  stress  just  downstream  of 
reattachment  has  been  explained  by  restriction  of  the  larger 
eddies^  and  by  bifurcation  of  the  turbulent  eddies  at  reattacb- 
ment^'-"  resulting  in  much  smaller  length  scales  and  lower 
Reynolds  stresses. 

The  maximum  levels  of  turbulence  intensity  and  shear 
stresses  in  the  near-wake  interaction  flowfield  are  plotted  in 
Fig.  12  for  each  of  the  streamwise  locations,  including  the 
traverses  which  were  omitted  previously  (those  in  the  range 
from  X  =  2.5  to  37.5  mm  and  the  range  from  A*  =  60  to  160 
mm).  To  fit  all  three  quantities  on  the  same  ordinate,  the 
streamwise  and  transverse  turbulence  intensities  are  shown  in 
percent  while  the  shear  stress  levels  are  actually  10  times  the 
percent  value.  Since  the  reattachment  of  the  two  mixing  layers 
into  a  single  wake  with  no  reverse  velocities  occurs  at  34.9  mm 
behind  the  step,  the  maximum  levels  of  the  quantities  plotted 
in  Fig.  12  should  peak  in  that  region  or  slightly  downstream. 
Both  the  streamwise  turbulence  intensity  <(/')/»■  and  the 
transverse  turbulence  intensity  (v')/u,  increase  gradually 
from  initially  relatively  low  values  in  the  boundary  layers 
{X  =  -  4.0  mm)  to  reach  maximum  levels  in  the  general  vicin¬ 
ity  of  reattachment,  then  decrease  with  increasing  streamwise 
distance.  The  kinematic  Reynolds  stress,  which  indicates  the 
correlation  between  the  u '  and  v '  fluctuations,  tends  to  peak 
sharply  in  the  reattachment  region  near  the  streamwise  loca¬ 
tion  of  A  =  34.9  mm,  then  decreases  rapidly  downstream. 

The  last  data  plotted  for  a  global  view  of  the  near-wake 
interaction  are  the  turbulent  kinetic  energy  k  nondimensional¬ 
ized  by  the  square  of  the  Mach  2.56  stream  edge  velocity  u,. 
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The  three-dimensioiiai  turbulent  kinetic  energy,  shown  in  Fig. 
13,  was  obtained  by  estimating  the  w-component  contribution 
to  be  an  avenge  of  the  streamwise  and  transverse  variances. 
Since  the  turbulent  kinetic  energy  tends  to  be  dominated  by 
the  streamwise  turbulence  intensity,  the  value  of  k  reaches  its 
peak  in  the  central  regions  of  the  mixing  layers  and 
in  the  recompression  and  reattachment  regions.  Research  by 
Lee  and  Harsha"  "  indicated  that  there  existed  a  suong  corre¬ 
lation  betwem  measurements  of  turbulent  shear  stress  and 
turbulent  kinetic  energy  in  constant-density  mixing  flows,  and 
extended  to  include  typical  wakelike  flows.  Their  work  detn- 
mined  that  the  shear  stress  levels  were  approximately  three- 
tenths  of  the  level  of  turbulent  kinetic  energy,  with  nearly  704<i 
of  the  cases  correlating  with  proportionality  factors  between 
0.2  and  0.4.  The  decrease  in  turbulent  kinetic  energy  with 
downstream  distance  in  the  redevelopment  region  and  the 
diffusion  of  k  outward  with  the  growth  of  the  redeveloping 
wake  (shown  in  Fig.  13),  when  combined  with  the  form  of  the 
decay  in  Reynolds  stress  as  seen  in  Fig.  11,  are  trends  which 
^ipcar  to  verify  that  such  that  a  correlation  exists  between 
those  two  quantities  as  observed  by  researchers”'"  for  wake 
flows  and  toundary-layer  flows. 


Conclusions 

"nie  near-wake  interaction  flowfield  generated  by  the  sepa¬ 
ration  of  two  supersonic  streams  past  a  finite-thickness  base  is 
charaaerized  by  steep  velocity  gradients,  high  turbulence  in¬ 
tensity  levels,  and  viscous  mixing  in  the  presence  of  an  adverse 
pr^ure  gradient.  The  shear-layer  mixing  regions  are  charac¬ 
terized  by  constant-pressure  miving  along  the  initial  two-thirds 
of  their  length,  and  show  an  evolution  of  velocity  profiles 
from  truncated  forms  of  the  boundary-layer  shapes  to  more 
wake-like  profiles  farther  downstream.  The  region  of  sepa¬ 
rated  flow  existing  between  the  two  supersonic  streams  in  the 
near-wake  exhibits  vigorous  recirculation,  maximum  reverse 
flow  velocity  magnitudes  reaching  0.23ui,  and  strong  turbu¬ 
lent  interaction  with  the  low-velocity  regions  of  both  shear 
layers.  Peak  levels  of  turbulence  intensity  and  Reynolds  stress 
were  measured  in  the  recompression  and  reattachment  regions 
and  decreased  rapidly  with  streamwise  distance.  The  turbu¬ 
lence  field  in  the  region  of  recompression  and  reattachment  is 
strongly  anisotropic.  LDV  data  for  the  redevelopment  of  the 
downstream  wake  flow  showed  lower  levels  of  turbulence 
intensity  and  kinematic  Reynolds  stress  than  other  regions  of 
the  near-wake  interaction,  but  illustrated  the  strong  preserva¬ 
tion  of  the  disturbed  turbulence  field  with  even  large  distances 
downstream.  While  recovery  of  the  mean  velocity  profiles  was 
achieved,  much  slower  recovery  of  the  turbulence  field  was 


seen. 
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A  paitide  iaMfc  vclocteMry  (PIV)  fydca  hat  beta  Rrvrlnpt^  for  mc  ia  Irigli  acaant*^  ah  flows.  Tbe 
eoBRictc  qrstea  was  developed  to  iawrovc  the  spatial  leaalaiiea  aad  accaracy  of  the  FIV  techaiqoe  as  applied 
ia  Mgb-speed  coaprcadblc  flows  aad  is  the  Aral  to  iwr«»»r~vie  both  bhefriageat  teage  aad  sabakroa 

seed  particles  for  aaalysis  of  separated  flow  fields.  Tbesyslea  has  beea  pewvea  ia  prdiaiaary  eaperiakats 

a  tiasplelow.apeed  roaad  Jet  flow  aad  has  beea  validated  far  accaracy  with  both  kaowa  - t  * 

FIV  photographs  aad  with  aatfora  flow  npcriaiaU  at  Mach  9.5  (ITi  a/s)  for  coaspatisoa  with  pressaie  aad 
luer  Doppler  velodaeter  data.  FIV  dau  have  also  beea  obtaiaed  ta  the  wake  ngioa  a 

Iwo-diaeasioaal  base  aodd  ia  a  Mach  9.4  freestrsaa  flow  (135-22*  as/s)  with  ftaoiatioa  of  velocity  ia  I.d-asa> 

regioas.  reveaiiag  featares  of  the  voa  Kdrasda  vortex  street  wake  aad  aadtiljlag  tasM  erair  tarbaleacc. 


Introduction 

Experimental  investigation  of  turbulent  and  compress¬ 
ible  flows  has  become  increasingly  sophisticated  in  recent 
years  with  the  advent  of  laser  based  measurement  techniques. 
Among  these  tools  is  a  relatively  new  technique  called  particle 
image  velocimetry  (PIV).  PIV  is  performed  by  illuminating  a 
seeded  Howfieid  with  a  planar  laser  sheet  that  is  pulsed  at  a 
known  time  interval,  forming  two  or  more  images  of  each  seed 
particle  within  the  light  sheet  (Fig.  1).  After  recording  these 
images  on  film  or  another  medium,  image  separations  and 
therefore  velocities  can  be  determined  for  the  entire  plane. 
Unlike  pointwise  techniques  such  as  laser  Doppler  velocimetry 
(LDV)  which  provides  statistical  velocity  dau  on  a  point-by¬ 
point  basis,  PIV  can  identify  instantaneous  flow  structures 
that  may  be  random  in  nature  but  important  to  the  overall 
behavior  of  the  flow.  PIV  also  reveals  planar  views  of  three-di¬ 
mensional  flow  structures  that  are  smeared  by  volume  integra¬ 
tion  inherent  in  techniques  such  as  schlieren  photography. 
Other  advantages  include  the  ability  to  obtain  PIV  images 
quickly,  allowing  shorter  run  times,  larger  test  sections,  and 
higher  Mach  numbers. 

Although  molecular  imaging  techniques  have  recently  been 
used  for  high-speed  velocity  measurements,'*^  pioneering  work 
by  Kompenhans  and  HOcker^-^  and  Post  et  ai.^  have  recently 
extended  the  particle-based  PIV  technique  to  high-speed  flows. 
Despite  this  initial  work,  difficulties  in  seeding  and  image  ac¬ 
quisition  have  limited  the  spatial  resolution  of  PIV.  One  of  the 
most  important  considerations  in  PIV  for  high-speed  flow 
applications  is  obtaining  adequate  seed  density  for  successful 
interrogation  at  all  locations.  Since  most  high-speed  wind  tun¬ 
nels  are  not  recirculatory,  high  seed  density  can  only  be  ob¬ 
tained  by  injecting  a  large  mass  of  seed  with  the  flow.  Local 
seeding  in  areas  of  interest  can  be  a  solution,  but  injection  may 
need  to  be  done  upstream  of  flow  conditioning  devices  and 
nozzles  that  partially  disperse  the  seed.  Difficulty  also  arises  in 
obtaining  sufficient  seeding  in  separated  zones  of  the  flow 
(behind  bases,  steps,  etc.).  Experience  with  both  PIV  and  LDV 
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shows  that  seed  density  in  these  areas  is  generally  sparse,  caus¬ 
ing  significant  dau  dropout.  Another  concern  is  the  choice  of 
seed  panicles  that  are  small  enough  to  follow  large  velocity 
gradients  while  still  scattering  sufficient  light  to  expose  film. 
The  seeding  material  is  funher  restricted  when  birefringent 
image  shifting*  is  used  to  resolve  the  directional  ambiguity  of 
image  displacements  in  high-speed  separated  flows.  Image 
shifting  involves  shifting  the  second  image  of  every  particle  by 
a  known  distance  to  assure  that  the  direction  of  image  dis¬ 
placement  is  known  over  the  entire  PIV  photograph.  Birefrin¬ 
gent  image  shifting  is  done  by  using  vertically  and  horizontally 
polarized  light  for  the  two  illumination  pulses,  then  pho¬ 
tographing  the  flowfield  through  a  birefringent  caldte  crystal 
that  shifts  one  polarization  of  light  (and  therefore  one  set  of 
images)  by  a  known  distance.  This  use  of  polarized  light 
sources  requires  seed  particles  which  maintain  polarization  in 
sidescatter.  After  image  displacements  are  determined  from 
the  photograph,  the  “shift  tUsplaccment”  is  subtraaed  off  to 
return  the  actual  flowfield  displacements  (and  velocities). 

Laser  requirements  are  also  a  faaor  in  the  use  of  PIV  for 
high-speed  flow  applications.  To  illuminate  small  seed  parti¬ 
cles,  high  power  in  the  visible  spectrum  is  a  necessity.  Kompen¬ 
hans  and  Hdcker’-*  have  used  a  Nd;YAG  system  with  70  mJ/ 
pulse  for  recording  images  on  35-mm  film,  but  when 
necessary,  resolution  of  small-scale  velocity  fluctuations  in 
high-spe^  test  sections  requires  the  use  of  large  format  film  to 
reduce  diffraction-limited  image  sizes  and  to  avoid  film  grain 
limitations.  The  larger  film  area,  in  turn,  requires  much  greater 
illumination.  The  high  laser  energy  must  also  be  combined 
with  very  short  pulse  duration  to  prevent  image  blur  which 
reduces  the  accuracy  of  velocity  measurements.  Typical  super- 
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Fig.  1  Prtodplc  of  FIV. 
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ionic  flow  speeds  require  laser  pulse  durations  on  the  order  of 
10  ns  or  less. 

With  consideration  of  the  aforementioned  factors  for  PIV 
application,  the  present  work  sets  out  to  advance  the  capabil¬ 
ities  of  the  PIV  technique  as  applied  in  high-speed  flows.  Spe¬ 
cifically,  the  objectives  include  improvement  of  the  spatial 
resolution  of  velocity  measuremenu  on  a  uniform  grid  to  im¬ 
prove  detection  of  small-scale  instantaneous  struaures.  The 
technique  is  also  applied  in  fully  separated  flowfields  where 
redreuiatory,  unste^,  instantaneous  struaures  can  domi¬ 
nate  the  fluid  dynamic  behavior.  These  applications  involve 
careful  choice  of  the  seeding  material  and  delivery  system  and 
the  implementation  of  birefringent  image  shifting.  Finally,  the 
importance  of  obtaining  highly  accurate  dau  for  quantitative 
analysis  requires  careful  system  validation  and  daermination 
of  data  accuracy . 

Partidc  Image  Vdocimetry  Equipment  and  Operation 
AeqaWtioa  Systcai 

The  acquisition  system  refers  to  the  equipment  used  to  ob¬ 
tain  double-exposed  particle  image  photographs  of  the  flow- 
field  of  interest.  Diagrams  of  the  PIV  acquisition  system 
equipment  and  beam  optics  are  shown  in  Fig.  2.  This  system 
uses  two  Continuum  YG68IC-10  Nd:YAC  lasers  equipped 
with  frequency  doubling  crystals  to  provide  a  maximum  out¬ 
put  energy  of  550  mJ/pulse  at  a  wavelength  of  532  nm  (green 
light)  with  a  pulsewidth  of  4-6  ns.  High-resolution  black-and- 
white  films  are  very  sensitive  to  j^een  wavelengths  and  the  high 
visibility  of  the  green  light  also  simplifies  alignment  of  the  two 
beams,  which  is  a  critical  faaor  in  obtaining  double  exposures 
of  particles  in  the  flow.  Two  separate  lasers  are  required  since 
a  single  laser  cannot  generate  two  distina,  equal  energy  pulses 
in  the  short  time  interval  required  for  hi^-speed  flows  (typi¬ 
cally  less  than  I  ^s).  The  horizontally  and  vertically  polarized 
beams  of  the  two  lasers  are  combined  by  a  polarized  beam 
splitter,  then  shaped  by  spherical  and  cylindrical  lenses  to  form 
a  planar  beam  profile  with  a  waist  thickness  of  0.4  mm.  Beam 
thickness  can  be  increased  by  positioning  the  beam  waist  either 
above  or  below  the  test  seaion.  Beam  width  at  the  test  seaion 
is  adjustable  up  to  125  mm  by  positioning  the  300-mm  cylindri¬ 
cal  lens.  All  lenses  are  made  from  fused  silica  substrate  and  all 
optics  use  high-power  Nd:YAG  coatings  to  limit  beam  energy 
loss  to  less  than  0.25V*  pa  surface. 

The  photographic  recording  of  particle  images  is  done  by  a 
camera  mounted  on  the  same  optical  ubie  as  the  lasers  and 
beam  shaping  optics.  This  allows  maintenance  of  the  relative 
position  of  all  optical  components  for  consistent  alignment 


Fig.  2  PIV  acquitilioii  system:  a)  laser  and  caaiera  eqaipment  for 
acqairiag  PIV  photographs;  b)  lop  view  of  laser  optics  for  forming 
planar  beam  profile. 


and  focus.  This  table  is  also  mounted  on  vibration-isolated 
supports  to  avoid  the  effects  of  laboratory  vibrations.  The 
system  can  use  a  35  mm,  6x8  cm,  or  4  x  5  in.  camera.  The 
35  mm  and  6x8  cm  cameras  have  100-  and  300-mm  macro 
lenses,  respectively,  and  both  have  auto  film  wind  and  an 
electronic  shutter  for  automated  ope>ation.  The  system  has 
also  been  used  with  a  modified  4  x  5  in.  camera  with  a 
shutter  and  120-mm  maao  lens,  but  since  it  can  take  only  one 
frame  before  reloading,  its  large  format  film  is  most  useful 
when  the  highest  possible  resolution  of  particle  images  for 
determination  of  small-scale  turbulent  motions  is  necessary. 
Flat-field  or  maao  lenses  are  required  to  prevent  distortion  of 
the  field  of  view  at  the  edges  whiefa  would  induce  error  in  the 
measurement  of  particle  displacemenu.  Long  focal  length 
lenses  are  used  to  reduce  the  solid  angle  from  the  lenr  to  the 
field  of  view,  thaeby  minimizing  parallax.  For  given  flowfield 
dimensions,  longa  focal  length  lenses  are  required  for  larga 
format  films  to  maintain  a  constant  solid  angle.  In  the  cate  of 
the  4  X  5  in.  camaa,  a  longa  focal  lens  would  be  desirable,  but 
since  none  was  available  the  experiments  done  with  this  camera 
used  a  lasa  shea  with  half  the  thickness  used  for  otha  exper¬ 
iments,  thereby  effectively  reducing  parallax. 

Automation  of  the  system  is  a  key  for  allowing  acquisition 
of  multiple  photographs  in  short  run-time  test  sections, 
thereby  randomly  capturing  unsteady  struaures  in  various 
stages  of  development.  Control  of  this  system  is  done  by  a 
Macintosh  II  computa  equipped  with  a  digital  input/output 
board  and  solid  state  module  switches  (Fig.  3a).  C^omputa 
software  controls  the  triggering  of  the  lasers  via  a  Stanford 
Research  pulse  generator,  an  electro-pneumatic  valve  to  re¬ 
lease  seed  into  the  test  section,  and  the  camaa  shutta.  The 
timing  diagram  in  Fig.  3b  indicates  the  sequence  of  events 
controlled  by  the  computa  system.  Software  allows  the  usa  to 
selea  the  warmup  time  (for  lasa  warmup  and  wind  tunnel 
adjustment),  the  seed  delay  time  (to  allow  seed  to  propagate 
from  the  s^a  valve  to  the  test  section),  and  the  numba  of 
photographs  desired.  Since  the  pulse  rate  of  the  lasers  must  be 
fixed  at  10  Hz,  conditional  sampling  of  PIV  by  external  events 
would  only  be  possible  for  periodic  events,  in  which  case  soft¬ 
ware  could  be  implemented  to  predia  from  input  data  when  an 
event  would  coincide  with  a  lasa  pulse,  faaoring  in  delay 
times  from  ail  inputs  and  outputs. 

InicrrogatioB  Systcai 

Afta  PIV  negatives  are  obtained  and  processed  for  high 
contrast  (to  inaease  signal-to-noise  ratio)  and  contaa  printed 
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Fig.  4  PIV  iBtcrrogalioa  (jrsleai:  a)  cquipaMal  sckcBalk;  b)  optical 
coaipoacali. 

onto  film  to  obtain  positive  images,  the  photographs  are  exam¬ 
ined  using  an  automated  interrogation  system  controlled  by  a 
“Dash  30"  modifled  Macintosh  II  computer  operating  at  SO 
MHz.  Diagrams  of  the  interrogation  system  and  the  accompa¬ 
nying  optics  are  shown  in  Figs.  4a  and  4b. 

Simply  explained,  the  average  particle  displacement  for  an 
interrogation  spot  is  determined  from  its  spatial  autocorrela¬ 
tion  function,  which  is  derived  by  performing  two  two-dimen¬ 
sional  Fourier  transforms.^  This  is  most  rammonly  done  by 
either  the  “Young’s  fringe”  method  where  the  first  transform 
is  done  optically  and  the  second  is  done  digitally  by  fast 
Fourier  transform  (FFT),  or  the  “autocorrelation”  method 
where  the  original  interrogation  spot  is  digitized  and  both 
transforms  are  done  by  digital  FFTs.  Although  the  Young’s 
fringe  method  is  faster,  the  autocorrelation  method  provides 
the  advantages  of  easier  setup  and  increased  flexibility.  Imag¬ 
ing  the  interrogation  spot  to  the  video  camAa  allows  control 
over  image  focus,  image  contrast,  and  interrogation  spot  size 
by  direct  observation.  Use  of  the  Young’s  fringe  method  re¬ 
quires  coUimation  of  the  illuminating  beam  to  obtain  good 
interference  fringes  from  the  optical  transform,  beam  masking 
to  select  the  spot  size,  and  the  relatively  difficult  task  of  deter¬ 
mining  the  “best”  fringe  pattern  by  adjustment  of  optics, 
beam  focus,  and  beam  intensity.  The  speckle  in  typical  fringe 
patterns  (caused  by  coherent  light  interference)  piakes  this  task 
difficult,  and  if  not  done  well,  it  can  signiflolfatly  reduce  the 
number  of  successful  interrogations  on  a  given  PIV  pho¬ 
tograph.  An  additional  advantage  of  the  autocorrelation 
method  is  that  both  the  original  particle  images  and  the  auto¬ 
correlation  output  can  be  digitally  recorded  for  a  particular 
interrogation  spot,  allowing  the  user  to  physically  measure  the 
particle  displacements  and  compare  to  the  system  output  for 
accuracy.  For  these  reasons  and  the  fact  that  ’nterrogation 
time  constraints  dre  not  particularly  important  in  comparison 
to  other  processing  tasks,  the  autocorrelation  method  is  used 
for  the  data  presented  in  this  paper. 

For  this  system,  the  completed  PIV  photograph  is  mounted 
between  glass  plates  on  a  two-dimensional  Aerotech  positioner 
system  to  scan  the  photograph  spot  by  spot  with  a  fixed  5-mW 
HeNe  illumination  beam  and  optics.  The  HeNe  beam  is  passed 
through  a  neutral  density  filter  to  control  intensity,  then  it  is 
spatially  filtered  to  eliminate  high-frequency  intensity  varia¬ 
tions  that  could  add  noise  to  the  illuminated  interrogation 


spot.  If  the  Young’s  fringe  method  is  being  used,  the  beam 
then  passes  through  a  mask  to  determine  the  interrogation  spot 
size.  After  passing  through  the  photograph,  an  imaging  lens  is 
then  chosen  to  obtain  either  the  actual  particle  images  or  the 
far-field  diffraction  pattern  (optical  Fourier  transform)  of  the 
interrogation  spot,  depending  on  the  interrogation  method 
being  used.  A  SX  microscope  objective  lens  is  used  to  obtain 
particle  images,  while  a  127-mm  plano-convex  lens  is  used  to 
obtain  the  optical  Fourier  transform.  Finally,  the  image  is 
received  by  a  Sierra  Scientific  CCD  array  video  camera  with  a 
HeNe  bandpass  niter  to  eliminate  room  light  interference.  The 
choice  of  a  HeNe  laser  is  made  to  ensure  uniform  illumination 
by  use  of  the  spatial  filter,  to  allow  interrogations  in  normal 
room  light  conations  by  using  the  HeNe  bandpass  filter,  and 
to  provide  the  coUimat^  light  source  required  when  Young’s 
fringe  interrogations  are  desired. 

The  video  image  is  then  digitized  to  a  512  x  512  pixel  array 
by  a  Perceptics  frame  grabber  board  with  8-bit  grayscale  (256 
gray  levels)  and  is  passed  to  a  Mercury  MC3200-NU  array 
processor  which  performs  FFTs  and  other  array  operations  to 
obtain  the  two-dimensional  autocorrelation  of  the  original  im¬ 
age.  The  array  processor  uses  a  centroidal  peak-finding  rou¬ 
tine  to  locate  up  to  three  of  the  strongest  autocorrelation 
peaks.  These  peak  locations  are  stored  as  the  most  likely  im^ige 
displacements  for  that  interrogation  spot  and  the  process  is 
repeated  for  the  next  spot. 

After  the  full  vector  field  is  determined,  postprocessing 
must  be  done  to  refine  the  data.  As  a  first  pass,  the  vector  field 
is  checked  by  a  routine  that  looks  for  “bad”  vectors  that  are 
outside  user-specified  absolute  limits  and  replaces  them  with 
one  of  the  secondary  peaks  for  that  location  if  it  is  acceptable, 
or  with  a  default  value  to  indicate  a  bad  measurement,  llie  few 
remaining  spurious  velocity  vectors  are  manually  removed  and 
replaced  with  the  aforementioned  default  value.  Another  auto¬ 
mated  routine  then  searches  for  default  values  and  replaces 
them  with  values  interpolated  from  valid  neighboring  vectors 
using  multiple  linear  regression.  The  vector  field  is  then 
smooched  by  convolution  with  a  Gaussian  kernel  as  described 
by  Landreth  and  Adrian*  to  eliminate  random  noise  in  the 
vector  field  caused  by  image  imperfections,  video  noise,  and 
other  factors.  This  is  crucial  when  spatial  differentiation  is  to 
be  performed  on  the  vector  field  to  derive  quantities  such  as 
vorticity,  since  any  high-frequency  random  error  will  be  accen¬ 
tuated  by  differentiation. 


Flow  Seeding 

The  choice  of  a  seeding  material  and  delivery  system  is  key 
to  the  successful  implementation  of  PIV  in  high-speed  flows. 
The  limitations  of  particle  techniques  hinge  on  production  of 
particles  with  sufficiently  low  slip  velocity  to  accurately  follow 
high-velocity  gradients  in  compressible  flows.  This  also  affects 
the  ability  of  seed  to  be  carried  into  separated  flow  regions 
where  vortices  tend  to  throw  heavy  particles  out,  thereby  re¬ 
ducing  seed  density.  The  density  of  seed  in  areas  of  interest 
also  places  a  limitation  on  the  spatial  resolution  of  velocity 
measurements.  An  additional  factor  is  the  ability  of  the  parti¬ 
cles  to  scatter  sufficient  light  for  PIV  photographs,  which  is 
dependent  on  particle  shape  and  refractive  index.  In  the  devel¬ 
opment  of  this  system,  various  seed  materials  have  been  exam¬ 
ined  for  slip  velocity  and  optical  performance,  including  atom¬ 
ized  water,  atomized  silicone  oil,  and  monodispersed 
polystyrene  latex  (PSL)  spheres  of  various  sizes.  Each  seed 
type  was  used  for  test  photographs  and  all  were  successfully 
recorded  on  film  including  0.5-  and  1.0-/im-diam  mono¬ 
dispersed  PSL  spheres.  The  resulting  choice  for  high-speed 
flow  experiments  was  silicone  oil  seed  generated  by  a  six -jet 
atomizer  made  by  TSI,  Inc.  The  polydispersed  atomized 
droplets  have  a  mean  diameter  of  0.8  iim  as  quoted  by  TSI  and 
Bloomberg,’  and  show  good  response  to  the  velocity  gradient 
across  an  oblique  shock  wave.’  PSL  spheres  of  0.5  and  1 .0  fim 
diameter  also  respond  well  to  velocity  gradients,  but  cannot  be 
delivered  in  large  enough  quantities  for  PIV  requirements. 
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Test  photographs  also  show  good  performance  of  the  silicone 
oil  droplets  for  image  exposure  intensity  and  for  birefringent 
image  shifting.  The  seed  delivery  system  used  for  the  transonic 
wind-tunnel  experiments  presented  here  is  a  localized  multiple- 
tube  arrangement  described  in  further  detail  in  the  discussion 
of  experimental  results. 

Spatial  ResolutlOB 

In  a  high  image  density  PIV  system,  each  individual  velocity 
vector  is  determined  by  the  mean  particle  displacement  in  the 
interrogation  spot.  Therefore,  the  spatial  resolution  of  a  data¬ 
set  is  determined  by  the  interrogation  spot  size  as  measured  in 
the  flowfield  frame  of  reference.  To  use  a  particular  spot  size, 
for  example  1  x  1  mm,  many  requirements  must  be  satisfied. 
First,  the  diameter  of  the  particle  images  must  be  small  enough 
to  measure  displacements  greater  than  one  image  diameter 
within  the  spot,  since  overlapping  images  cannot  be  distin¬ 
guished.  Second,  the  maximum  displacement  should  be  less 
than  approximately  257o  of  the  linear  dimension  of  the  spot,’ 
in  this  case  2S0  pm,  to  insure  that  a  sufficient  number  of  image 
pairs  will  appear  fully  within  the  spot  for  successful  inter¬ 
rogation.  This  is  accomplished  by  selecting  the  proper  time 
delay  between  laser  puls«  for  a  given  flowfield  photograph. 
Finally,  the  particle  image  density  must  be  high  enough  to 
provide  a  sufficient  number  of  image  pairs  for  successful  inter¬ 
rogation  in  all  spots  throughout  the  region  of  interest.  The  last 
of  these  requirements  is  typically  the  most  difficult  to  satisfy 
and  generally  governs  the  choice  of  spot  size,  and  thus,  spatial 
resolution. 

Results 

Intcrrogalion  System  ValidatioB 

Validation  of  the  PIV  system  first  involved  testing  of  the 
interrogation  system.  As  a  first  check  on  the  accuracy  of  the 
autocorrelation  output  and  the  associated  image  processing 
software,  an  interrogation  was  performed  on  a  known  uni¬ 
form  dot  pattern  with  a  spacing  of  133  dots/in.  in  both  the 
horizontal  and  venical  directions.  The  pattern  is  a  commer¬ 
cially  produced  screen  PMT  for  making  copies  of  photo¬ 
graphic  prints.  The  screen  was  used  in  place  of  a  PIV  pho¬ 
tograph  on  the  interrogation  system  and  was  interrogated 
several  times  at  various  magnifications,  storing  both  the  dot 
pattern  image  input  and  the  autocorrelation  output.  After 
analysis,  peaks  in  the  spatial  autocorrelation  output  were  com¬ 
pared  to  the  original  dot  pattern.  The  spacing  of  peaks  in  the 
autocorrelation  output  was  found  to  match  the  center  spacing 
of  the  original  dot  pattern  to  within  IVo.  This  is  expected  for 
a  uniform  pattern  since  t<ich  dot  correlates  perfealy  with  it¬ 
self,  the  cipsest  neighbor  in  each  direaion,  the  second  closest 
neighbor,  etc. 


Table  1  Unifomi  dispIscemeDt  pbolograpb  iDtcrrogatioD  results 


Photo  1 

Photo  2 

Ax,‘  nm 

63.515 

131.299 

Ay.'’  /im 

58.523 

133.153 

2.001 

1. 166 

Mni 

1.929 

2.153 

a^/dp,  ^0 

5.72 

6.19 

Bay /dp,  % 

5.51 

6.15 

\AX  1  tivn 

86.366 

187.000 

IrciubI* 

87 

187 

Interrogation  spot,  mm 

0.8X0.8 

Increment,  mm 

0.4 

Total  spots/photo 

10,000 

Image  pairs/spot 

-8 

Mean  image  diameter,  dp,  pm 

-35 

‘Mean  interrogated  x  displacement. 
‘Mean  interrogated  y  displacement. 
MA.Sri  =  ((Ax)*  +  (4y)^|*’. 


Tests  were  then  done  with  known  displacement  simulated 
PIV  photographs.  The  most  accurate  simulation  used  photo¬ 
graphs  of  uniformly  displaced  image  pairs.  The  photographs 
were  made  by  first  printing  a  randomly  spaced  dot  pattern  on 
an  8 'A  X 1 1  in.  sheet.  A  photograph  of  the  unpaired  images 
was  then  made  on  4  x  3  in.  Kodak  Technical  Pan  4415  film  in 
an  enlarger.  This  unpaired-dot  photograph  (clear  dots  on  a 
dark  background)  was  then  attached  to  a  uanslation  stage  and 
placed  over  unexposed  film  for  contact  printing.  Exposures 
were  made  with  the  unpaired-dot  photograph  in  an  initial  po¬ 
sition  and  in  a  second  position,  displaced  by  the  translation 
stage,  insuring  uniform  image  pair  displacements.  The  result¬ 
ing  paired-dot  photograph  (dvk  dot  pairs  on  a  clear  back¬ 
ground)  was  then  contact  printed  onto  film,  resulting  in  the 
final  paired-dot  photograph  (clear  dot  pairs  on  a  dark  back¬ 
ground).  Two  photographs  were  made  with  different  displace¬ 
ments.  The  photographs  were  examined  under  a  14X  stereo 
microscope  equipped  with  a  measuring  reticule  marked  in  5  pm 
increments  to  determine  the  actual  mean  displacements  of 
87  and  187  pm  as  presented  in  Table  1.  Both  photographs 
started  with  a  pseudo-randomly  dispersed  pattern  of  approx¬ 
imately  12.S  image  pairs/mm’,  but  due  to  nonuniformity  in 
the  pseudo-random  dot  dispersion,  film  flatness,  film  sensitiv¬ 
ity,  lighting,  dust,  etc.,  the  image  density  on  the  final  photo¬ 
graphs  was  reduced  and  varied  throughout  the  photographs. 
Image  diameters  also  varied  from  20  to  SO  pm  due  to  the  same 
photographic  effects.  This  variation  in  image  density,  image 
size,  and  other  effects  due  to  the  printing  of  the  images  on  film 
creates  a  good  simulation  of  real  PIV  photographs,  except  for 
the  lack  of  unpaired  images  which  occur  in  real  flowfield  pho¬ 
tographs  due  to  some  particles  moving  out  of  the  laser  sheet 
between  pulses. 

Interrogations  were  made  of  each  photograph  at  10,000  lo¬ 
cations  with  the  results  presented  in  Table  1.  The  statistics 
shown  were  calculated  using  only  “good”  data  falling  within 
±  17  pm  of  the  mean  displacement  in  each  direction,  which 
was  over  90V«  of  the  total  for  both  photographs.  The  deviation 
from  lOOVt  good  data  was  due  to  the  aforementioned  dot 
dispersion  and  photographic  effects  which  reduced  image  den¬ 
sity  in  some  areas.  Bad  vector  replacement  and  smoothing 
were  not  done  in  order  to  preserve  the  full  error  in  the  interro¬ 
gation.  The  photographs  were  interrogated  with  the  direction 
of  displacement  at  approximately  a  45-deg  angle  to  the  hori¬ 
zontal  to  examine  the  dependence  of  error  on  variations  in 
both  the  X-  and  y -displacement  magnitudes.  The  data  reveal 
that  the  standard  deviation  of  the  interrogated  displacements 
is  approximately  constant  at  2  pm  for  both  photographs.  This 
is  an  expected  result  since  the  random  error  in  displacement 
should  ^  proportional  to  the  particle  image  diameter  and  not 
the  magnitude  of  displacement.^  Given  the  mean  image  diame¬ 
ter  dp  of  35  pm,  the  random  error  is  approximately  6Vs  of  dp. 
It  should  be  noted  that  although  photographic  imperfections 
and  other  factors  in  real  PIV  photographs  may  tend  to  increase 
this  error  ratio,  the  use  of  vector  field  smoothing  tends  to 
reduce  the  random  error  significantly  as  mentioned  in  the  pre¬ 
ceding  discussion  of  the  interrogation  system.  The  mean  inter¬ 
rogated  displacement  for  photograph  2  is  taken  as  exaaly  187 
pm  since  it  was  used  as  the  reference  for  determining  the 
pixel-to-pm  scaling  factor.  The  mean  interrogated  displace¬ 
ment  for  photograph  1  matches  the  actual  displacement  to 
within  1  ,  which  is  within  the  error  in  the  measurement  of  the 

actual  displacements,  showing  no  evidence  of  mean  bias  error. 

Low-Speed  Round  Jel 

The  full  PIV  system  has  been  used  to  examine  the  flow  from 
a  round  free  jet  test  stand  consisting  of  a  6  in.  long,  1  in.  o.d. 
tube  fed  by  a  TSI  six-jet  atomizer  with  silicone  oil  seed  and  an 
adjustable  dilution  air  supply  as  shown  in  Fig.  5.  The  jet  flows 
into  an  8 x  10x48  in.  test  section  exhausted  to  atmosphere. 
Image  shifted  PIV  photographs  were  taken  on  both  35  mm  and 
4x5  in.  film.  Although  the  jet  velocity  was  relatively  low, 
experiments  done  with  this  test  stand  used  the  same  equipment 
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and  procedures  that  are  used  for  high-speed  flow  eiqieriinents, 
including  seeding,  laser  system,  birefringent  image  shifting 
optics,  Kodak  Technical  Pan  film,  automated  system  opera¬ 
tion.  and  high  spatial  resolution  of  velocity  measurements. 
The  sole  differences  involve  the  seeder  supply  pressure  and 
film  formats  for  the  dau  presented.  Reduced  seeder  pressure 
(S-10  psig  vs  20  psig  for  high-speed  flow  experiments)  was 
necessary  to  avoid  damage  to  the  low-speed  test  section,  but 
the  effect  of  lower  pressure  and  flow  rate  tends  to  reduce  the 
mean  seed  particle  size.  This  is  because  atomized  droplets  must 
rise  against  gravity  to  leave  the  atomizing  chamber,  and  the 
reduced  flowrate  carries  fewer  heavy  particles  out.  The  data 


Fig.  5  Ronnd  Jet  test  stand  used  for  Initial  low-speed  flow  applica¬ 
tion  of  PIV  system. 


presented  for  these  experiments  was  also  taken  on  4  x  5  in.  film 
while  subsequent  high-speed  flow  experiments  used  35-mm 
film  for  convenience,  since  film  grain  and  image  size  limiu- 
tions  were  found  to  be  acceptable.  The  main  purpose  of  these 
low-speed  flow  experiments  was  to  demonstrate  the  operation 
and  data  analysis  capabilities  of  the  system. 

Particle  image  sizes  were  measured  from  the  photographs 
for  determination  of  the  minimum  measurable  particle  dis¬ 
placement,  which  must  be  at  least  one  image  diameter  to  pre¬ 
vent  overlap  of  pairs.  Average  image  diameters  were  approx¬ 
imately  55  ftm  for  35-mm  photographs  and  35  ftm  for  4  x  5  in.  I 
photographs  (in  the  frame  of  reference  of  the  flowfield).  Forj 
a  projened  interrogation  spot  size  of  approximately  1  mm’, 
for  which  the  maximum  measurable  displacement  is  approx¬ 
imately  250  laa  (see  preceding  discussion  of  spatial  resolution), 
this  provides  quite  sufficient  dynamic  range,  where  the  dy¬ 
namic  range  is  the  ratio  of  the  maximum  to  the  minimum 
measurable  displacement. 

Determination  of  the  mean  image  diameter  also  provides  the 
ability  to  estimate  the  random  error  of  velocity  measurements. 
Using  the  information  from  the  validation  experiment  re¬ 
ported  in  Table  1,  the  standard  deviation  of  the  random  error 
is  expected  to  be  67s  of  the  mean  image  diameter,  or  3.3  ;im 
for  the  3S-mm  photographs  and  2. 1  ;im  for  the  4  x  5  in.  photo¬ 
graphs.  With  a  maximum  image  displacement  of  approx¬ 
imately  250  fim  (selected  by  choosing  the  time  delay  bnween 
laser  pulses),  the  random  error  is  1.37o  or  0.87s  of  the  maxi- 


Mean  Jet  Velocity  2.05  mis 
Jet  Diameter  18  mm 


PIV  PARAMETERS 

Laser  Energy  500mJ^ulse  Magnification  1.08 

Laser  Sheet  Thickness  0.S  mm  Intetrogation  Method  auioconelation 

Pulse  Sepaiation  ISOps  Spot  Size  (in  flowfidd)  1.08  mm  x  1.08  mm 

Image  Shift  1(X)  pm  transvene  Increment  0.46  mm 

Fig.  6  Round  Jet  velodty  field:  Initiai  application  of  PIV  system  in  low-speed  jet  flow. 
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mum  velocity  (proportional  to  image  displacement)  for  3S'mm 
photographs  or  4x 5  in.  photographs,  respectively. 

An  example  PIV  photograph  of  the  jet  was  then  intmo- 
gated.  This  photograph  was  taken  using  Kodak  Technical  Pan 
4415  4  X  S  in.  film  with  a  I20-mm  lens  at  f  5.6.  Other  parame¬ 
ters  for  acquisition  and  interrogation  are  shown  in  Fig.  6. 
Before  a  full  interrogation  was  done,  the  repeaubility  of  the 
measurements  was  checked  by  interrogating  a  small  region  of 
the  photograph,  then  resetting  the  positioner  to  its  original 
position  and  reinterrogating.  The  results  showed  perfect  agree¬ 
ment  of  both  the  first  and  second  peak  locations  for  the  entire 
4x4  grid  of  interrogation  spots.  Only  the  first  two  autocorre¬ 
lation  peaks  were  stored  for  this  interrogation  which  was  done 
before  third  peak  storage  was  implemented.  Reinterrogation 
was  also  done  on  two  5x5  regions  (total  of  50  spots)  after  the 
full  interrogation  was  completed,  involving  a  positioner  travel 
of  more  than  25  mm  in  each  direction.  This  resulted  in  28 
matches  of  both  the  first  and  second  highest  autocorrelation 
peaks.  18  matches  of  the  first  peak  only,  and  4  noiunatches.  It 
should  be  noted  that  exact  peak  locations  can  vary  due  to 


Fig.  7  Round  jet  spalini  mean  velocity:  mean  velocity  at  each  tnns- 
verse  location  of  Fig.  6. 


Axial  Location  x  (mm) 
Measured  from  Tube  Exit 


b)  -IMOiec'  ItOOiec' 

Fig.  8  Enlarged  section  of  ronnd  Jet:  a)  velocity  field  with  0.68-m/s 
axial  velocity  subtracted  to  accent  flow  stmctnre;  b)  vortkity  field 
derived  from  velocity  data  (grayscale  and  overlaid  contours). 


Fig.  9  Scfciiercn  photograph  of  flow  past  a  finite  thickacas  boac, 
Af.>0.4  (from  Ref.  13). 

bidirectional  positioner  error  over  long  travel  distances  ( ±  10 
iim  over  7-mm  travel)  and  random  electronic  noise  in  video 
imaging. 

Removal  and  interpolation  of  bad  vectors  for  the  full  flow- 
field  showed  a  success  rate  for  valid  vector  determination  of 
approximately  94^,  which  is  quite  reasonable  in  comparison 
to  other  reported  success  rates.  The  final  velocity  veaor  plot 
after  subuaction  of  image  shift,  interpolation,  and  smoothing 
is  shown  in  Fig.  6.  The  photograph  was  interrogated  over  a 
46  X  46  mm  area  with  0.46-mm  increments  in  each  direction, 
resulting  in  10.201  vectors  (101  x  101).  The  interrogation  incre¬ 
ment  is  chosen  to  be  approximately  half  the  spot  dimension  to 
avoid  aliasing  of  high  spatial  frequency  velocity  fluctuations. 
The  full  interrogation  took  1 1  h.  18  min  or  4.0  s/spot  using  the 
autocorrelation  method.  Interrogations  using  the  Young’s 
fringe  method  took  2.3  s/spot. 

The  mean  velocity  at  the  tube  exit  is  approximately  2.05 
m/s.  Examination  of  Fig.  6  shows  typical  vortex  struaures  at 
the  edges  of  the  jet  with  a  gradual  decrease  in  the  centerline 
velocity  as  the  jet  propagates  downstream.  A  plot  of  the  spa¬ 
tially  averaged  axial  velocity  component  at  each  transverse 
location  is  shown  in  Fig.  7.  Although  this  spatial  mean  is  not 
equivalent  to  a  time  average  velocity  profile  due  to  spreading 
of  the  jet  over  the  field  of  view,  it  does  reveal  a  general  nonuni¬ 
formity  of  the  flow,  implying  that  the  jet  is  not  truly  axisym- 
metric.  The  higher  velocity  at  the  top  of  the  tube  was  induced 
by  the  flow  around  a  bend  in  the  flexible  tubing  just  before  the 
straight  section  at  the  jet  exit.  Although  the  test  flow  is  not 
ideal,  the  ability  to  reveal  such  information  is  part  of  the 
purpose  of  this  experiment. 

Identification  of  flow  structures  can  also  be  done  by  manip¬ 
ulating  the  acquired  velocity  data.  The  vortex  structure  in  the 
upper  right  section  of  Fig.  6  is  shown  in  Fig.  8a  with  a  portion 
of  the  mean  axial  velocity  subtracted  and  in  Fig.  8b  by  deriving 
the  out-of-plane  vorticity  |  dv/dx  -  du/dy )  from  central  finite 
differences  of  the  original  velocity  data.  Both  reveal  the  ex¬ 
pected  dominant  positive  (counterclockwise)  vorticity  at  the 
upper  edge  of  the  jet  and  some  resulting  negative  (clockwise) 
vorticity  between  struaures.  The  ability  to  obtain  spatially 
well-resolved  velocity  data  for  such  analysis  allows  quantifica¬ 
tion  of  turbulent  flow  struaures  by  determination  of  vortex 
strength  and  position.  Similar  analysis  can  be  performed  with 
rate-of-strain,  volumetric  flux,  and  other  derivative  and  inte¬ 
gral  quantities  important  in  a  particular  flowfield  to  provide 
information  about  the  nature  of  complex  high-speed  flows. 
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Low-pass  and  high-pass  spatial  nitering  can  also  be  done'**  to 
reveal  both  large-  and  small-scale  structures. 

High-Speed  Bate  Flow 

Two-dimensional  finite  thickness  bodies  in  subsonic  and 
transonic  flows  form  a  separated  flowfield  very  rich  in  turbu¬ 
lent  structure  due  to  the  presence  of  the  well-known  von  Kir- 
min  vortex  street  wake.  The  schlieren  photograph  in  Fig.  9 
shows  the  wake  behind  a  blunt  base  in  a  Mach  0.4  freesueam. 
The  screw  visible  in  the  photograph  was  used  for  focusing  and 
is  outside  of  the  test  section.  The  motivation  for  studying  this 
flow  with  PIV  stems  from  both  the  fact  that  it  exhibits  a 
well-defined  instantaneous  structure  and  that  the  mechanism 
of  the  observed  base  drag  reduction  in  the  presence  of  a  base 
cavity  is  not  completely  understood."*'^  To  resolve  discrepan¬ 
cies  in  previous  work  on  this  subject  and  to  better  deHne  the 
mechanisms  of  base  cavity  drag  reduction,  PIV  experiments 
are  being  done  to  quantify  flow  structure  for  various  free- 
stream  Mach  numb^s  and  base  configurations. 

Modifleations  have  been  made  to  an  existing  transonic  wind 
tunnel  for  the  use  of  PIV  on  two-dimensional  base  flows  (Fig. 
10).  The  previously  fabricated  tunnel  has  a  4  x  4  in.  test  section 
with  solid  side  walls  and  slotted  upper  and  lower  inner  wails  to 
relieve  the  blockage  effect  of  models  in  the  transonic  speed 
range.  To  allow  visualization  past  the  aft  end  of  base  models 
6-in.-diam  round  windows  are  mounted  in  both  sidewalls.  The 
base  model  consists  of  interchangeable  afterbodies  mounted 
on  a  lS.24-mm-thick  wedge-shaped  forebody,  with  its  up¬ 
stream  edge  located  approximately  17  in.  downstream  of  the 
nozzle  entrance.  The  afterbodies  include  a  solid  base,  a  rectan¬ 
gular  cavity  base  with  a  depth  of  half  the  base  height,  and  a 
rectangular  cavity  base  with  a  depth  of  one  full  base  height. 

Slot-shaped  upper  and  lower  windows  have  been  fabricated 
and  installed  in  the  outer  tunnel  walls  for  access  with  a  verti¬ 
cally  propagating  planar  laser  sheet  for  PIV.  The  sheet  passes 
through  the  lower  window  and  through  one  of  the  streamwise 
slots  of  the  inner  wall  to  enter  the  test  section.  The  seed  deliv¬ 
ery  is  done  by  two  TSl  six-jet  atomizers  feeding  a  single  %-in. 
o.d.  tube  that  enters  the  stagnation  chamber.  This  tube  leads 
to  a  manifold  tube  that  feeds  eight  smaller  tubes  directed 
downstream  and  oriented  in  a  transverse  (vertical)  plane 
aligned  with  the  illuminating  laser  sheet.  The  flow  then  passes 
through  2-in.  long,  3/16-in.  cell  honeycomb  and  a  44x44 
mesh  screen  with  57%  open  area  to  reduce  turbulent  fluctua¬ 
tions  in  the  supply  flow.  It  should  be  noted  that  the  screen  is 
cut  out  in  the  areas  where  the  seed  tubes  feed  through  the 
honeycomb.  This  is  done  because  experience  with  LDV  in  this 
laboratory  has  shown  that  silicone  oil  droplets  tend  to  build  up 
on  any  surface  perpendicular  to  the  flow  direction,  causing 
large  drops  to  form  and  burst  off,  which  bias  velocity  measure¬ 
ments.  Flow  seeding  behind  the  base  is  sufficient  due  to  small 
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Fig.  10  Transonic  wind  tunnei  with  slotted-wall  lest  section  and  two- 
dimensionai  base  model. 
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Fig.  11  PIV  data  validaiion  rcsnlts  from  uniform  Much  0.5  flow:  a) 
PIV  spatial  mean  vclodty  vs  temporal  mean  vdodty  from  preainta 
dau;  b)  Inrbuleace  IntemMy:  PIV  spatial  data  vs  LDV  temporal  data. 


seed  particle  slip  velocity  allowing  the  motion  of  the  alternat¬ 
ing  von  KOrmOn  vortex  street  to  carry  seed  into  the  wake. 

The  first  experiments  in  this  facility  were  done  without  a 
base  model  to  compare  PIV  velocity  measurements  to  data 
obtained  with  both  LDV  and  static  pressure  taps.  PIV  photo¬ 
graphs  were  taken  on  3S-mm  Kodak  Technical  Pan  2415  film. 
To  facilitate  comparison  to  the  time-integrated  pressure  and 
LDV  measurements  of  velocity,  PIV  velocity  data  from  a  sin¬ 
gle  photograph  were  summed  along  the  row  at  each  transverse 
location  to  obtain  mean  velocity  components  and  standard 
deviations  were  found  to  determine  turbulence  intensities. 
Given  that  the  flowfield  is  not  evolving  in  the  streamwise  direc¬ 
tion  in  this  tunnel-empty  case,  equating  spatial  statistics  to 
temporal  statistics  is  adequate  for  a  first  approximation,  al¬ 
though  the  number  of  samples  available  from  a  single  PIV 
photograph  is  not  sufficient  for  highly  accurate  statistics.  It 
should  be  noted  that  there  were  not  yet  any  flow  conditioning 
devices  in  the  wind  tunnel  when  these  experiments  were  done, 
the  effects  of  which  will  be  discussed  in  the  following  para¬ 
graphs. 

The  results  for  mean  velocity  from  a  run  at  Mach  0.5  are 
shown  in  Fig.  1  la  with  the  relevant  PIV  parameters.  The  PIV 
data  are  compared  to  the  mean  velocity  calculated  with  pres¬ 
sure  data  from  taps  measuring  static  pressure  in  the  test  sec¬ 
tion  and  total  pressure  in  the  stagnation  chamber.  Although 
there  are  at  most  only  81  PIV  measurements  per  data  point  in 
this  plot,  the  mean  velocity  at  each  transverse  location  varies 
only  slightly  from  the  overall  mean  of  173.4  m/s,  which  is 
within  2%  of  the  mean  velocity  determined  from  the  pressure 
measurements. 

A  more  stringent  test  of  the  accuracy  of  PIV  lies  in  the 
ability  to  measure  velocity  fluctuations.  To  this  end,  LDV 
measurements  of  streamwise  and  transverse  turbulence  inten¬ 
sity  were  made  for  comparison  to  the  PIV  data  (Fig.  lib). 
Because  of  the  spatial  constraint  of  avoiding  contact  between 
the  LDV  laser  and  the  lower  wall  of  the  wind  tunnel,  LDV 
measurements  could  only  be  made  up  to  a  transverse  location 
of  -  12.5  mm  measured  from  the  test  section  centerline. 
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Fig.  12  TwtMfiaMosional  base  flow  PIV  results  at  »  0.4:  a)  velodly  fleM  with  foil  resolution;  b)  vorlidty  (grayscale)  with  veiocily  field  overlay 

(reduced  resolution  for  darlty). 


Again,  a  maximum  of  only  81  PIV  measurements  was  used  for 
the  data  at  each  transverse  location,  but  it  can  be  seen  from  the 
plot  that  both  the  LDV  and  PIV  data  vary  from  5  to  89e 
turbulence  intensity.  Although  this  data  lends  some  confidence 
in  the  accuracy  of  the  PIV  data,  it  revealed  undesirable 
freestream  turbulence  in  the  test  section  without  flow  condi¬ 
tioning.  The  aforementioned  honeycomb  and  screen  were 
therefore  added  to  the  facility.  PIV  measurements  of  turbu¬ 
lence  intensity  with  the  flow  conditioning  devices  installed 
have  shown  turbulence  intensities  of  3-5%  which,  while  im¬ 
proved,  are  still  relatively  high.  Although  LDV  measurements 
with  flow  conditioning  have  not  yet  been  made  due  to  restric¬ 
tions  on  the  availability  of  the  LDV  system,  the  high  turbu¬ 
lence  intensity  measured  by  PIV  is  quite  likely  due  to  turbu¬ 
lence  generated  downstream  of  the  honeycomb  and  screen  by 
the  velocity  gradients  between  the  freestream  and  the  lower 
velocity  seeded  jets. 

Experiments  have  most  recently  been  done  with  a  solid  base 
model  in  a  Mach  0.4  freestream.  The  Mach  0.4  freestream 
condition  is  determined  by  running  the  test  section  at  a  stagna¬ 
tion  pressure  that  results  in  a  Mach  0.4  flow  when  no  model  is 
present.  PIV  photographs  using  birefringent  image  shifting 
were  taken  on  35-mm  Kodak  Technical  Pan  2415  film.  The 
mean  image  diameter  for  the  photos  is  approximately  40-50 
/tm  in  the  frame  of  reference  of  the  flowfieid.  Using  the  error 
data  from  the  validation  results  presented  in  Table  1,  the  ran¬ 
dom  measurement  error  is  expected  to  be  approximately  6%  of 
the  mean  image  ^tiameter,  or  less  than  1.6%  of  the  maximum 
particle  image  displacement. 

The  interptolated  and  smoothed  velocity  plot  for  a  region 
spanning  approximately  2.7  base  heights  downstream  of  the 
base  edge  is  shown  in  Fig.  12a.  The  location  of  the  base  is 
indicated  by  the  cross-hatched  region.  The  plot  includes  5346 
vectors  (81  x  66)  with  an  increment  of  0.5  mm  between  vectors 
and  a  square  interrogation  spot  of  1 .0  mm’.  As  with  the  round 
jet  data,  the  increment  is  chosen  to  be  approximately  half  the 
interrogation  spot  dimension  to  avoid  aliasing  of  high  spatial 
frequency  velocity  fluctuations.  The  total  interrogation  time 
was  6  h,  15  min  or  4.2  s/spot  using  the  autocorrelation 
method.  The  success  rate  for  valid  vector  determination  was 
80%  overall  including  edge  regions  where  seed  density 


dropped  off.  and  approximately  90%  in  the  wake  region 
within  the  upper  and  lower  edges  of  the  base.  The  presence  of 
interrogated  particle  images  at  the  vortex  centers  also  indicates 
that  submicron  oil  droplets  are  being  recorded  on  film  since 
centripetal  acceleration  forces  all  but  the  smallest  particles  out 
of  the  vortex  centers  as  they  travel  downstream.  Using  an 
estimate  from  Fig.  12  of  the  centripetal  acceleration  in  a  vortex 
and  using  the  Stokes  flow  drag  law,  the  slip  velocity  of  a  1  fim 
diam  silicone  oil  sphere  was  found  to  be  approximately  15 
m/s,  which  would  carry  the  particle  more  than  2  mm  away 
from  the  vortex  center  by  the  time  it  moves  one  base  height 
downstream  of  the  base  edge.  Therefore,  the  velocity  data 
obtained  at  the  vortex  centers  must  be  obtained  from  submi¬ 
cron  particles. 

Figure  12a  includes  all  interrogated  velocity  vectors  to  indi¬ 
cate  the  full  resolution  of  the  measurements.  Although  the 
wake  struaure  is  somewhat  evident  in  Fig.  1 2a.  it  is  accentu¬ 
ated  in  Fig.  12b  which  has  the  velocity  vector  field  overlaid  on 
a  grayscale  representation  of  the  vorticity.  Only  every  other 
vector  is  plotted  in  Fig.  12b  in  the  interest  of  clarity.  The 
vorticity  plot  reveals  the  fragmentation  of  the  main  vortices 
and  the  presence  of  lower  intensity  small-scale  turbulent  struc¬ 
tures  of  about  3  mm  diameter  throughout  the  flowfieid.  The 
source  of  these  structures  is  presently  unknown.  They  may  be 
due  to  high  freestream  turbulence  levels,  but  an  estimate  of  the 
Taylor  microscale  for  this  flowfieid  using  mean  velocity  gradi¬ 
ent  data  was  found  to  be  2.67  mm.  suggesting  that  the  struc¬ 
tures  may  be  a  secondary  feature  of  the  vonex  street  wake. 
Additional  data  is  required  with  reduced  freestream  turbulence 
levels  and  various  freestream  velocities  to  make  a  more  definite 
determination,  but  the  more  important  fact  at  this  point  is  that 
the  PIV  technique  has  shown  the  capability  to  reveal  and  quan¬ 
tify  flowfieid  structure  not  found  in  previous  work. 

Conclusion 

A  complete  PIV  system  has  been  developed  for  application 
in  separated  high-speed  flows.  Successful  demonstration  in 
both  low-  and  high-speed  flow  validation  experiments  along 
with  analysis  of  known  displacement  photographs  has  shown 
the  capability  for  accurate  velocity  measurement  with  the  use 
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of  submicron  seed  panicles  and  birefringent  image  shifting. 
Analysis  of  a  high-speed  separated  flowfield  has  also  been 
done  with  a  spatial  resolution  of  1.0  mm^  per  interrogation 
spot  (measured  in  the  flowfield  frame  of  reference).  This  im¬ 
provement  in  the  spatial  resolution  of  the  PIV  technique  in 
compressible  flows  increases  the  capability  for  determination 
and  quantification  of  small-scale  turbulent  structures  and 
stands  to  provide  important  data  for  turbulence  modeling, 
numerical  simulations,  and  analysis  of  complex  flowfields. 

Future  work  in  the  area  of  subsonic  and  transonic  base  flows 
will  concentrate  on  reduction  of  freestream  turbulence,  adjust¬ 
ment  of  the  acquisition  system  optics  for  improved  perfor¬ 
mance,  and  improvement  of  seeding  uniformity,  which  has 
been  the  most  challenging  problem  to  this  point.  The  result  will 
be  a  quantitative  analysis  of  base  cavity  effects  on  wake  struc¬ 
ture  for  the  determination  of  the  fluid  dynamic  mechanisms 
governing  base  cavity  drag  reduction. 
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Abstract 

An  experimental  study  of  the  effects  of  velocity  bias  in  single  realization  laser  Doppler 
velocimetry  measurements  in  a  high-speed,  separated  flow  environment  is  reported.  The  objective 
of  the  study  is  to  determine  a  post-facto  correction  method  which  reduces  velocity  bias  after 
individual  realization  data  have  been  obtained.  Data  are  presented  for  five  velocity  bias  correction 
schemes;  inverse  velocity  magnitude  weighting,  interarrival  time  weighting,  sample  and  hold 
weighting,  residence  time  weighting,  and  die  velocity-data  rate  correlation  method.  These  data  were 
compared  to  a  reference  measurement  (saturable  detector  sampling  scheme);  the  results  show  that 
the  interarrival  time  weighting  method  compares  favorably  with  the  reference  measurement  under 
the  present  conditions. 

1  Introduction 

Laser  Doppler  velocimetry  (LDV)  has  become  a  popular  experimental  tool  to  measure  the 
velocity  field  in  a  variety  of  fluid  dynamic  environments.  Due  to  its  non-intrusive  nature  and  ability 
to  discriminate  flow  direction,  LDV  is  well-suited  for  applications  involving  large  regions  of  flow 
separation.  The  current  study  is  part  of  an  experimental  program  investigating  the  separated,  near¬ 
wake  flowfield  behind  a  body  of  revolution  immersed  in  a  supersonic  freestream.  Characterizing  the 
mean  and  turbulent  velocity  fields  downstream  of  the  base  surface  with  a  two-component  LDV 
system,  including  the  large  separated  region  immediately  downstream  of  the  base,  has  been  the  focus 
of  the  research;  hence,  a  detailed  investigation  of  the  accuracy  of  LDV  measurements  in  this  flow 
environment  is  necessary.  The  present  paper  describes  an  experimental  study  which  examines  the 
effects  of  velocity  bias  on  LDV  data  in  high-speed,  separated  flows  and  compares  traditional 
methods  to  correct  for  this  bias. 


When  individual  realization  LX>V  measurements  are  made  in  turbulent  flows,  a  velocity  bias 
caused  by  the  correlation  between  the  data  sampling  process  and  the  magnitude  of  the  instantaneous 
velocity  exists.  McLaughlin  and  Tiederman  (1973)  flrst  recognized  this  bias  and  showed  that  its 
magnitude  was  proportional  to  the  square  of  the  local  turbulence  intensity.  This  result  can  be  used  in 
a  qualitative  sense  to  determine  if  and  when  the  effects  of  velocity  bias  are  appreciable.  In 
supersonic  base  flows,  turbulence  intensities  are  generally  large  in  the  separated  shear  layer, 
especially  near  the  point  of  reattachment  (Amatucci  et  al.,  1992).  The  magnitude  of  velocity  bias 
present  in  individual  realization  data  taken  in  this  region  can,  therefore,  be  significant 

Several  techniques  to  eliminate  the  velocity  bias  have  been  proposed,  and  most  fall  into  two 
general  categories:  post-facto  correction  methods  and  sampling  methods.  Techniques  in  the  former 
category  generate  correction  factors  for  the  individual  realizations  that  are  used  in  computing  the 
mean  flowfleld  quantities.  The  following  equation  is  used  to  calculate  the  ensemble-averaged  value 
of  the  arbitrary  velocity  statistic  x: 

IXiWi 

I 

where  w  is  a  weighting  factor  and  the  summations  are  taken  over  the  entire  ensemble  (wj  s  1 
corresponds  to  the  totally  biased,  individual  realization  case).  Several  forms  of  the  weighting  factor 
have  been  proposed  including  the  inverse  velocity  magnitude  (McLaughlin  and  Tiederman,  1973), 
particle  interarrival  time  (Hoesel  and  Rodi,  1977),  and  particle  residence  nme  (Buchhave  and 
George,  1978).  The  second  category  of  techniques  to  eliminate  velocity  bias  are  methods  which 
attempt  to  reconstruct  a  time  series  with  the  same  statistics  as  that  of  the  turbulent  flow.  Commonly 
used  methods  which  fit  into  this  category  include  the  controlled  processor  (Erdmann  and  Tropea, 
1981),  saturable  detector  (Edwards,  1978),  and  sample  and  hold  processor  (Dimotakis,  1976).  While 
the  controlled  processor  and  saturable  detector  are  sampling  techniques  which  utilize  only  a  fraction 
of  the  LDV  data  available,  the  sample  and  hold  processor  reconstructs  a  time  series  using  the  entire 
data  ensemble  which  makes  it  attractive  for  high-speed  flow  applications  with  limited  wind  tunnel 
run  times. 
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The  task  of  deciding  which  method  best  eliminates  the  effects  of  velocity  bias  can  be  difficult 
considering  the  several  conflicting  recommendations  in  the  literature.  This  is  especially  true  in  high¬ 
speed  tlow  applications  where  only  limited  experimental  verification  of  velocity  bias  effects  exists 
(e.g.,  Petrie  et  al.,  1988).  Differences  between  high-speed  and  low-speed  flows  which  can  have 
significant  effects  on  velocity  bias  include  flow  time  scales,  seed  particle  concentrations,  and 
compressibility  effects.  In  addition,  another  important  constraint  on  choosing  a  velocity  bias 
correction  method  for  high-speed  flows  can  be  the  limited  run  time  of  conventional  blowdown-type 
wind  tunnels.  Typical  wind  tunnel  run  times  and  relatively  sparse  seed  densities  generally  preclude 
the  use  of  sampling  methods  to  correct  for  velocity  bias  in  high-speed  flows.  Hence,  a  post-facto 
correction  method  (Equation  1),  which  can  be  u.sed  with  the  entire  data  ensemble  to  reduce  the 
effects  of  velocity  bias  after  data  acquisition  has  been  completed,  is  desired. 

In  the  present  study,  an  objective  comparison  of  the  different  correction  methods  for  velocity 
bias  is  made.  The  main  motivation  of  the  research  is  to  determine  experimentally  which  post-facto 
correction  methods  are  best  suited  for  high-speed,  separated  flow  applications  with  typical  seed 
concentrations  and  turbulence  intensity  levels.  In  addition,  obtaining  experimental  data  concerning 
the  effects  of  velocity  bias  on  mean  velocities,  turbulence  intensities,  and  the  Reynolds  shear  stress 
in  high-speed,  separated  flow  will  add  to  the  current  understanding  of  the  problem  in  this  flow 
environment. 

2  Experimental  Apparatus 

The  experiments  described  herein  were  conducted  in  a  blowdown-type  wind  tunnel  located  in 
the  Gas  Dynamics  Laboratory  at  the  University  of  Illinois.  As  previously  mentioned,  this  wind 
tunnel  is  being  used  to  study  the  supersonic,  axi.symmetric  base  flow  problem.  A  schematic  diagram 
showing  the  general  features  of  the  near-wake  behind  a  circular  cylinder  (verified  by  schlieren 
photography  in  the  present  case)  is  shown  in  Fig.  1.  As  the  turbulent  boundary  layer  separates  from 
the  afterbody,  a  free  shear  layer  is  formed  which  separates  the  outer  inviscid  flow  from  the 
recirculation  region  immediately  behind  the  base.  The  shear  layer  undergoes  a  recompression- 
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realignment  process  to  satisfy  the  symmetry  condition,  and  a  wake  develops  downstream  of  the  tear 
stagnation  point 

Two-component  LDV  data  have  been  acquired  throughout  the  near-wake;  however,  the 
detailed  velocity  bias  study  presented  herein  will  consider  only  one  representative  traverse  across  the 
shear  layer.  The  location  of  the  traverse  (shown  in  Fig.  1)  is  at  a  downstream  distance  of  x/R  =1.6 
from  the  base  plane  where  R  is  the  radius  of  the  afterbody  (R  =  31.75  mm).  The  LDV  data  obtained 
at  this  location  contain  several  attributes  commonly  found  in  high-speed  separated  flows,  including 
large  variations  in  mean  velocity  (-fbOS  m/s  in  the  freestream  to  -160  m/s  along  the  centerline)  and 
large  turbulent  fluctuations  Gocal  turbulence  intensities  of  up  to  400%).  Due  to  the  relatively  large 
data  ensembles  required  to  obtain  the  reference  measurements  (saturable  detector  scheme)  in  the 
present  experiments,  twenty  wind  tunnel  blowdowns  were  required  to  obtain  the  entire  traverse  of 
LDV  data. 

^  The  LDV  system  employed  was  a  TSI  Inc.  two-component  unit  with  conventional  optics  and 
Bragg  cell  frequency  shifting  (40  MHz)  to  eliminate  fringe  blindness  and  discriminate  flow 
direction.  The  LDV  measurement  volume  was  approximately  120  pm  in  diameter  and  700  pm  in 
length  with  a  nominal  fringe  spacing  of  10.5  pm.  Doppler  frequencies  were  measured  with  a  TSI 
Inc.  IFA-750  autocorrelation  processor  which  was  completely  integrated  with  a  Gateway  2000  486- 
33  personal  computer  for  automated  data  acquisition.  Use  of  the  IFA-750  in  the  present  experiments 
provided  measurements  of  the  interarrival  time  and  the  particle  residence  time  with  each  velocity 
measurement.  Seed  particles  were  generated  by  a  conventional  six-jet  atomizer  filled  with  silicone 
oil  which  has  been  shown  (Bloomberg,  1989)  to  produce  mean  particle  diameters  of  0.8  pm.  The 
effective  Stokes  number  at  the  measurement  location  was  approximately  0.15  which  was  sufficiently 
small  to  avoid  any  significant  particle  lag  effects. 

3  Experimental  Technique 

In  order  to  make  an  objective  comparison  between  different  velocity  bias  correction 
techniques,  it  is  necessary  to  establish  a  reference  measurement.  Once  the  reference  is  established, 
different  post-facto  correction  techniques  are  applied  to  the  same  raw  data  ensembles  as  used  in  the 


reference  data.  Subsequently,  a  simple  side-by-side  comparison  of  the  results  obtained  with  different 
correction  techniques  to  the  reference  is  performed  in  order  to  investigate  the  effects  of  velocity  bias 
in  the  current  flow  environment.  In  the  sections  that  follow,  the  reference  measurement  will  be 
described  and  the  five  post-facto  correction  schemes  to  be  examined  will  be  discussed. 

3.1  Reference  Measurement 

Establishing  a  reference  measurement  for  LDV  data  in  high-speed,  separated  flows  has  been 
the  primary  problem  in  identifying  the  effects  of  velocity  bias  under  these  conditions.  Hot-wire 
anemometry,  a  useful  tool  in  attached  flows  with  relatively  low  turbulence  levels,  cannot  be  used 
accurately  in  high-speed  separated  flows  due  to  its  intrusive  nature  and  unreliability  at  high 
turbulence  intensity  levels.  In  the  current  study,  the  saturable  detector  sampling  technique  is  used  as 
the  reference  measurement.  A  description  of  the  technique  and  a  discussion  of  its  applicability  to  the 
present  measurements  are  presented  below. 

The  saturable  detector  scheme  is  shown  in  Fig.  2.  During  data  acquisition,  the  detector  is 
disabled  for  a  period  Ts  after  a  measurement  is  recorded,  thus  introducing  a  dead  time  in  the 
acquisition  process  when  no  measurements  are  possible.  In  practice,  most  individual  realization 
systems  are  saturable  detectors  with  small  Ts  such  that  nearly  every  particle  crossing  occurs  while 
the  processor  is  enabled.  The  saturable  detector  has  been  used  successfully  by  a  number  of 
researchers  to  minimize  the  effects  of  velocity  bias  in  low-speed  flows  (Stevenson  et  al.,  1982; 
Adams  and  Eaton,  1985;  Craig  et  al.,  1986). 

The  saturable  detector  scheme  belongs  to  the  general  class  of  sampling  techniques  known  as 
controlled  processors.  These  techniques  can  remove  the  dependence  of  sampling  rate  on  flow 
velocity  and,  therefore,  provide  unbiased  LDV  data.  It  has  been  established  (Edwards  and  Jensen, 
1983;  Gould  et  al.,  1989;  Winter  et  al.,  1991)  that  the  success  of  controlled  processors  in  eliminating 
velocity  bias  effects  is  dependent  on  the  relative  magnitudes  of  three  time  scales:  the  local  integral 
time  scale  of  the  flow  (Tu),  the  LDV  measurement  time  scale  (Tm),  and  the  controlled  processor 
sampling  time  scale  (Ts).  In  this  context,  the  integral  time  scale  of  the  flow  describes  the 
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"persistence"  time  of  the  energy-containing  tuii>ulent  eddies;  the  measurement  time  scale  is  merely 
the  inverse  of  the  mean  data  rate.  For  an  LDV  system  with  high  integral  scale  data  densities  (Tu/Tm 
»  1),  several  authors  (Gould  et  al.,  1989;  Winter  et  al.,  1991;  Tumraers  et  al.,  1992)  have  suggested 
that  the  following  two  criteria  must  be  met  in  order  for  a  controlled  processor  to  produce  bias-free 
results; 

TsfTm>5  and  T|i/Tm>5  (2) 

In  the  current  study,  the  integral  time  scale  of  the  flow  was  estimated  from  the  results  of  Gaviglio  et 
al.  (1977)  who  used  hot-wire  anemometry  to  measure  values  of  approximately  Tu  =  2  ps  in  a  similar 
supersonic,  axisymmetric  base  flow  experiment.  This  value  is  also  approximately  equal  to  the  shear 
layer  eddy  rollover  time  (b/AU)  calculated  using  the  current  conditions.  The  measurement  time  scale 
is  dependent  on  the  signal-to-noise  ratio  of  the  Doppler  signal,  the  LDV  processor  capabilities,  and 
the  seed  concentration  in  the  flow.  Mean  coincident  data  rates  ranged  from  3000- 10000  samples  per 
second  in  the  present  experiments,  yielding  an  average  measurement  time  scale  of  approximately  Tm 
=  150  ^is.  The  sampling  time  scale  Ts  was  varied  experimentally  from  0. 1-10  times  the  measurement 
time  scale. 

A  comparison  of  the  relative  time  scales  (wiUi  Tg  =  lOTm)  indicates  that  T/Tu  =  750  which 
approaches  the  deflnition  of  the  one-shot  processor  (Ts/Tu  -♦  «»)  as  given  by  Erdmann  and  Tropea 
(1981,1984).  These  authors  showed  analytically  that  the  one-shot  processor  was  capable  of 
eliminating  the  effects  of  velocity  bias  as  the  integral  scale  data  density,  Tu/Tm,  approaches  zero.  In 
the  current  study,  Ti/Tm  =  0.01  which,  according  to  the  results  of  Erdmann  and  Tropea  (1981, 1984), 
seems  to  justify  the  use  of  the  saturable  detector  scheme  as  a  means  to  reduce  velocity  bias  in  this 
case.  Note  that  the  present  conditions  are  far  different  from  those  established  for  bias-free  sampling 
in  the  high  data  density  cast.  (Equation  2).  Several  authors  have  cast  doubt  on  the  conclusions  of 
Erdmann  and  Tropea  (1981,1984)  for  one-shot  processors  (Edwards  and  Jensen,  1983;  Edwards, 
1987;  Winter  et  al.,  1991)  suggesting  that,  instead  of  eliminating  the  velocity  bias  at  very  low  data 
densities,  the  one-shot  processor  approaches  the  totally  biased  individual  realization  case.  The  large 
discrepancy  between  these  results  must  be  resolved  by  experi.mental  means;  however,  to  the  authors' 
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knowledge,  no  experimenta!  data  at  the  very  low  data  densities  of  the  present  experiment  have  been 
obtained  previously. 

The  saturable  detector  scheme  in  the  present  case  was  implemented  in  software  by  processing 
relatively  large  data  sets  (20,000-25,000  realizations  per  ensemble)  with  various  sampling  time 
scales,  Ts.  The  dependence  of  the  mean  velocities,  turbulence  intensities,  and  Reynolds  shear  stress 
on  the  normalized  sample  intCi  val,  Ts/Tm.  was  investigated  by  altering  (in  software)  the  value  of  Ts 
starting  at  very  small  values  to  simulate  the  totally  biased  individual  realization  case  and  increasing 
until  Ts/Tni  =  10.  Figure  3  is  a  plot  of  the  mean  axial  velocity,  axial  root-mean-square  (rms)  velocity 
fluctuation,  and  Reynolds  shear  stress  as  a  function  of  the  normalized  sample  interval  at  a  location 
near  the  inner  edge  of  the  shear  layer  where  the  local  turbulence  intensity  is  approximately  138%. 
This  plot  is  representative  of  the  results  obtained  throughout  the  regions  of  large  turbulence  intensity 
in  the  shear  layer  (i.e.,  regions  where  velocity  bias  effects  should  be  largest)  and  are  similar  to  the 
ones  shown  by  Stevenson  et  al.  (1982)  and  Craig  et  al.  (1986).  As  Fig.  3  indicates,  all  three  velocity 
statistics  are  dependent  on  the  normalized  sample  interval  for  T/Tm  <  5  and  reach  constant  values 
(indicated  by  the  *  subscript)  at  larger  normalized  sample  intervals.  This  trend  has  also  been 
observed  by  Winter  et  al.  (1991)  and  Tummers  et  al.  (1992)  who  point  out  that,  although  the 
asymptotic  behavior  at  large  Ts/Tm  indicates  a  reduction  in  velocity  bias,  it  does  not  by  itself 
guarantee  the  total  elimination  of  velocity  bias  unless  Tu/Tm>  5  (i.e.,  high  data  density  case).  In  the 
present  case,  the  constant  values  for  Ts/Tm  >  5  differ  from  those  of  the  individual  realization  case 
(Ts/Tm  0)  which  suggests  that  the  saturable  detector  does  indeed  reduce  velocity  bias  in  this  low 
data  density  environment,  in  agreement  with  the  findings  of  Winter  et  al.  (1991)  and  Tummers  et  al. 
(1992).  Therefore,  it  is  believed  that  the  data  obtained  using  the  saturable  detector  scheme  and 
Ts/Tm  >  5  can  be  used  as  a  reference  for  comparison  with  post-facto  correction  methods. 

3.2  Post-Facto  Correction  Methods 

A  brief  review  of  the  five  post-facto  correction  methods  that  are  compared  in  this  paper  will 
now  be  presented.  Along  with  identification  of  the  velocity  bias  problem,  McLaughlin  and 
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Tiederman  (1973)  also  provided  the  first  velocity  bias  correction  method:  the  inverse  velocity 
magnitude  correction.  In  the  nomenclature  of  Equation  1, 

wi=|Vi|-l  (3) 

where  Vj  is  the  velocity  magnitude  of  the  ith  realization.  This  correction  method  was  originally 
derived  for  incompressible,  one-dimensional  flows  but  has  been  used  significantly  in  a  wide  variety 
of  fluid  dynamic  environments  (e.g.,  Amatucci  et  al.,  1992;  Abu-Hijleh  and  Samimy,  1989). 
Oftentimes,  a  direct  measurement  of  the  total  velocity  vector  is  not  possible  so  that  assumptions 
must  be  made  concerning  the  contributions  from  any  unmeasured  components.  Nakayama  (1985) 
and  Petrie  et  al.  (1988)  suggest  methods  to  estimate  the  third  component  of  velocity  in  a  two- 
component  LDV  data  set.  The  effects  of  the  three-dimensional  correction,  however,  were  shown  to 
be  significant  only  when  both  measured  mean  velocity  components  were  negligible.  In  the  present 
case,  either  the  axial  or  radial  mean  velocity  was  always  significant  such  that  a  three-dimensional 
correction  was  not  necessary. 

Weighting  each  velocity  realization  with  the  particle  residence  time  in  the  LDV  measurement 
volume,  wi  =  Xt,  has  also  been  suggested  as  a  method  to  correct  for  the  effects  of  velocity  bias 
(Hoesel  and  Rodi,  1977;  Buchhave  and  George,  1978).  This  method  is  founded  on  the  inverse 
relationship  between  panicle  residence  time  and  velocity.  The  performance  of  residence  time 
weighting  should  be  independent  of  the  number  of  components  measured  but  degrades  as  velocity 
magnitudes  increase  due  to  hardware  accuracy  and  resolution  limitations  of  the  residence  time 
measurement.  Residence  time  weighting  is  the  most  difficult  of  the  five  post-facto  correction 
methods  to  implement  in  practice  due  to  the  difficulties  in  making  accurate  measurements  of  Xt. 

Barnett  and  Bentley  (1974)  concluded  that  weighting  the  individual  velocity  realizations  by 
the  interarrival  time  between  successive  particles  was  a  viable  method  to  remove  any  velocity  bias 
effects.  That  is,  wi  =  tj  -  q.]  where  ti  is  the  absolute  time  of  arrival  for  particle  i.  Barnett  and 
Bentley  (1974)  also  suggested  that  long  time  delays  relative  to  the  characteristic  time  of  the  turbulent 
fluctuations  (i.e.,  Tj/Tu  »  1)  destroy  any  correlation  between  instantaneous  velocity  and  sampling 
rate.  As  previously  mentioned,  this  hypothesis  has  still  not  been  adequately  investigated  for  high- 
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speed  separated  flows.  A  variation  on  the  interarrival  time  weighting  method  is  the  sample  and  hold 
technique  (Dimotakis,  1976;  Adrian  and  Yao,  1987)  which  weights  the  individual  realizations  by  wj 
=  ti+1  -  Although  Winter  et  al.  (1991)  suggested  that  the  interarrival  time  weighting  and  sample 
and  hold  weighting  methods  should  yield  the  same  results  at  all  data  densities,  they  will  both  be 
investigated  and  compared  in  the  present  experiments. 

The  last  velocity  bias  correction  method  that  will  be  investigated  is  the  velocity-data  rate 
correlation  method  described  by  Meyers  (1988).  Using  this  technique,  the  persistence  time  of  the 
flow  and  the  correlation  coefflcient  between  the  instantaneous  velocity  and  data  acquisition  rate  are 
estimated  from  individual  realization  LDV  measurements.  The  LDV  data  ensemble  is  subsequently 
sampled  once  during  each  persistence  period  of  the  flow  to  yield  a  new  ensemble  of  statistically 
independent  measurements.  To  correct  for  velocity  bias  effects,  the  sampled  data  are  normalized  by 
the  average  number  of  LDV  realizations  following  a  sampled  velocity  within  an  average  persistence 
interval.  This  technique  is  actually  a  mix  between  sampling  and  correction  techniques,  but  since  it 
can  be  applied  after  data  acquisition  to  any  ensemble  of  individual  realization  LDV  data,  it  is  a 
feasible  correction  technique  for  high-speed  flow  applications  with  limited  wind  tunnel  run  limes. 

4  Results 

In  order  to  document  the  effects  of  velocity  bias  at  different  locations  across  the  shear  layer, 
the  reference  data  (saturable  detector)  are  compared  to  the  unweighted  individual  realization  data  in 
Fig.  4.  The  velocity  bias  effects  on  the  mean  axial  velocity  (Fig.  4a)  follow  the  expected  trend  with 
mean  velocities  from  the  individual  realization  case  being  consistently  higher  than  the  reference  data 
in  the  high  turbulence  intensity  regions  of  the  shear  layer  (near  r/R  =  0.5).  In  the  outer  freestream 
flow,  the  velocity  bias  is  negligible  as  expected.  Note  that  as  the  mean  axial  velocity  changes  sign 
entering  the  recirculation  region,  the  velocity  bias  acts  to  increase  the  magnitude  of  the  reversed 
velocity.  At  the  U  =  0  location,  the  effects  of  velocity  bias  are  negligible  due  to  the  symmetry  of  the 
velocity  histogram  about  the  origin  and  the  competing  effects  from  positive  and  negative  realizations 
(Adams  and  Eaton,  1985).  The  mean  radial  velocity  component  (Vj)  in  the  shear  layer  was  also 
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affected  by  velocity  bias  in  a  manner  similar  to  the  mean  axial  velocity  with  the  magnitudes  of  the 
individual  realization  data  generally  exceeding  the  reference  values. 

The  effects  of  velocity  bias  on  the  axial  rms  velocity  fluctuation  (Ou)  and  Reynolds  shear 
stress  (<u'vr’>)  are  shown  in  Figs.  4b  and  4c,  respectively.  Note  that  a  global  definition  of 
turbulence  intensity  (au/Uoo)  is  used  in  Fig.  4b  instead  of  the  typical  local  definition  (ayAJ)  to  isolate 
the  effects  of  velocity  bias  on  the  rms  velocity  fluctuation  alone.  As  is  typical  of  separated  shear 
layers,  a  strong  peak  in  the  turbulence  intensity  and  shear  stress  exists  where  intense  turbulent 
mixing  and  energy  exchange  dominate  the  flow.  In  the  present  case,  the  peak  values  occur  relatively 
near  the  U  =  0  location  such  that  velocity  bias  effects  do  not  distort  the  magnitudes  of  the  local 
maxima.  However,  the  effects  of  velocity  bias  are  significant  in  the  regions  of  the  shear  layer  where 
the  mean  velocity  is  moderate  and  turbulence  intensity  is  large  (e.g.,  r/R  =  0.55),  Velocity  bias  tends 
to  decrease  the  magnitudes  of  both  the  turbulence  intensity  and  shear  stress  independent  of  the 
direction  of  the  local  mean  velocity.  In  addition,  velocity  bias  effects  in  the  separated  region  are 
reduced  compared  to  those  in  the  outer  part  of  the  shear  layer  even  though  local  turbulence 
intensities  are  similar.  The  radial  rms  velocity  fluctuation  (crvr)  was  also  determined  and  exhibited 
trends  similar  to  those  shown  in  Fig.  4b  for  the  axial  component.  The  differences  between  the 
saturable  detector  and  individual  realization  data  once  again  suggest  the  ability  of  the  sampling 
method  to  reduce  velocity  bias  effects  in  agreement  with  the  findings  of  Winter  et  al.  (1991)  and 
Tuminers  et  al.  (1992). 

The  same  raw  data  ensembles  that  were  processed  in  software  using  the  saturable  detector 
scheme  were  also  processed  with  the  different  post-facto  correction  techniques  discussed  above.  A 
comparison  of  the  results  obtained  with  each  correction  technique  will  now  be  presented.  Figure  5 
shows  the  reference  mean  axial  velocity  profile  along  with  the  data  from  the  five  post-facto 
correction  methods  (in  this  and  subsequent  figures,  the  comparison  between  the  five  correction 
methods  is  shown  on  two  separate  plots  for  clarity).  As  shown  in  Fig.  5a,  the  inverse  velocity 
magnitude  weighting  factor  tends  to  overcorrect  (in  comparison  to  the  reference  data)  for  the  effects 
of  velocity  bias  both  above  and  below  the  U  =  0  location  in  the  shear  layer.  This  may  be  due,  in  part. 
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to  the  three-dimensional  nature  of  the  flow  as  well  as  non-uniform  seeding  effects.  The  interarrival 
time  weighting,  sample  and  hold  weighting,  and  velocity-data  rate  correlation  methods  all  compare 
favorably  with  the  reference  measurement  whenever  U  >  0,  but  in  the  recirculation  region,  the 
interarrival  time  weighting  is  superior.  In  general,  the  residence  time  weighting  factor  tends  to 
overcorrect  the  data  in  comparison  to  the  reference  measurement  across  the  entire  traverse  although 
to  a  lesser  degree  than  the  inverse  velocity  magnitude  technique.  All  five  post-facto  correction 
techniques  yield  similar  results  in  regions  of  the  flow  where  velocity  bias  effects  are  negligible  such 
as  the  freestream  and  U  =  0  locations. 

As  Fig.  4  indicates,  the  effects  of  velocity  bias  are  not  limited  to  the  mean  velocity,  but  are 
quite  important  in  accurately  determining  the  turbulence  moments  as  well.  Figure  6  is  a  plot  of  the 
axial  turbulence  intensity  profile  as  determined  by  the  reference  measurement  and  the  five  post-facto 
correction  methods.  The  differences  in  performance  of  each  correction  technique  become  more 
evident  here,  with  the  profile  significantly  distorted  by  the  inverse  velocity  magnitude  and  residence 
time  weighting  methods.  A  translation  of  the  peak  turbulence  intensity  location  radially  outward  is  a 
result  of  both  of  these  methods,  and  turbulence  intensity  values  vary  considerably  from  the  reference 
data  across  the  shear  layer.  As  in  the  mean  velocity,  the  interarrival  time  and  sample  and  hold 
weighted  turbulence  intensity  distributions  agree  quite  well  with  the  reference  data.  The  velocity- 
data  rate  correlation  method  also  agrees  with  the  reference  data  throughout  most  of  the  profile; 
however,  the  profile  becomes  distorted  near  the  peak  turbulence  intensity  location.  A  similar 
comparison  was  also  done  for  the  radial  turbulence  intensity  with  each  correction  method  behaving 
in  a  similar  manner  as  that  indicated  in  Fig.  6. 

A  comparison  of  the  Reynolds  shear  stress  profiles  as  calculated  by  the  five  post-facto 
correction  methods  is  shown  in  Fig.  7.  Again,  the  differences  between  methods  are  significantly 
more  apparent  than  in  the  mean  velocity.  Much  like  in  the  turbulence  intensity,  the  inverse  velocity 
magnitude  correction  significandy  distorts  the  form  of  the  shear  stress  profile  and  yields  a  peak 
magnitude  that  is  reduced  from  the  reference  measurement.  The  interarrival  time  weighting  closely 
follows  the  reference  data  throughout  the  entire  profile.  The  sample  and  hold  weighting  method  also 
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agrees  reasonably  well  with  the  reference  measurement  throughout  most  of  the  profile.  The 
residence  time  weighted  profile  exhibits  a  peak  which  is  displaced  outward  from  the  actual  peak 
location  and  shear  stress  values  which  differ  significantly  from  the  reference  data  in  the  high 
turbulence  intensity  region  of  the  traverse.  Also,  the  velocity-data  rate  correlation  method  yields  a 
peak  shear  stress  value  which  is  10%  larger  in  magnitude  than  the  reference  value,  although  most  of 
the  profile  agrees  well  with  the  reference  data. 

In  addition  to  comparing  the  respective  profiles  of  mean  velocity,  turbulence  intensity,  and 
shear  stress  from  each  correction  method,  a  measure  of  the  agreement  of  each  technique  with  the 
reference  can  be  made  by  summing  the  differences  between  the  corrected  data  and  the  reference  data 
across  the  entire  profile.  The  rms  difference  for  each  correction  method  is  calculated  by  the 
following  equation: 


where  x  is  any  mean  or  turbulence  statistic  (e.g.,  U  or  <u’vr’>),  X  is  the  reference  value  of  x  at 

location  j,  and  N  is  the  number  of  measurement  locations  across  the  traverse.  Figure  8  shows  the 

rms  differences  for  the  mean  velocities,  turbulence  intensities,  and  Reynolds  shear  stress.  In  this 

figure,  each  rms  difference  is  normalized  by  the  maximum  reference  value  of  the  statistic  for  the 

entire  traverse  in  order  to  show  the  sensitivity  of  each  statistic  to  velocity  bias  correction  methods. 

Figure  8  clearly  indicates  that  the  interarrival  time  weighting  method  provides  the  best  agreement 

with  the  reference  in  the  present  experiments.  Agreement  between  the  saturable  detector  scheme  at 

T/Tm  >  5  (reference  technique)  and  the  interarrival  time  weighting  method  has  also  been  found  in 

several  previous  velocity  bias  investigations  at  higher  integral  scale  data  densities  (Adams  and 

Eaton,  1985;  Loseke  and  Gould,  1991;  Winter  et  al.,  1991).  As  expected,  the  sample  and  hold 

weighting  technique  provides  results  which  are  nearly  equal  to  those  of  the  interarrival  time 

weighting  method  (Winter  et  al.,  1991).  On  the  other  hand,  the  inverse  velocity  magnitude  and 

residence  time  weighting  methods  produce  mean  and  turbulence  statistics  that  are  in  significant 

disagreement  with  the  reference  data.  The  sensitivity  of  the  turbulence  statistics  (particularly  the 
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Reynolds  shear  stress)  and  radial  mean  velocity  to  the  effects  of  velocity  bias  are  clearly  shown.  The 
quantity  which  is  generally  used  to  demonstrate  velocity  bias  effects,  the  mean  streamwise  velocity, 
is  the  least  sensitive  to  the  various  correction  methods,  which  may  account  for  the  large 
discrepancies  in  the  literature  as  to  the  superior  correction  method  for  a  particular  flow  environment. 

5  Discussion 

As  the  previous  results  indicate,  choosing  an  adequate  velocity  bias  correction  method  can 
have  a  large  effect  on  the  accuracy  of  mean  velocities  and  turbulence  statistics  obtained  with 
individual  realization  LDV  systems.  Use  of  a  post-facto  correction  technique  is  generally  necessary 
in  supersonic,  blowdown-type  wind  tunnels  due  to  limited  wind  lUnnel  run  times.  In  the  high-speed, 
separated  flow  environment  of  the  present  study,  the  interarrival  time  weighting  method  has  been 
shown  to  agree  closely  with  the  reference  saturable  detector  method  which  reduces  velocity  bias.  In 
a  similar  velocity  bias  study  in  a  low-speed  (20  m/s)  separated  flow  with  comparable  turbulence 
intensities,  Loseke  and  Gould  (1991)  also  showed  that  the  interarrival  time  weighting  method  can 
reduce  velocity  bias  as  long  as  Bragg  cell  bias  (Meyers  and  Clemmons,  1978)  is  non-existent  The 
IFA-750  signal  processor  used  in  the  present  experiments  ensures  a  single  measurement  for  each 
Doppler  burst  using  a  burst  centering  procedure,  thus  eliminating  any  bias  due  to  the  Bragg  cell 
frequency  shifter.  A  brief  summary  of  some  of  the  important  experimental  aspects  which  may  have 
contributed  to  the  performance  of  each  post-facto  correction  technique  examined  here  will  be 
presented  below. 

The  inverse  velocity  magnitude  weighting  factor  was  shown  to  be  unreliable  throughout  the 
middle  region  of  the  shear  layer  where  turbulence  intensities  are  large.  This  conclusion  was  also 
reached  by  Hoesel  and  Rodi  (1977)  and  other  authors  who  stated  that  this  method  is  restricted  to  low 
turbulence  intensity  environments.  In  addition,  the  effects  of  compressibility  may  cause  erroneous 
results  using  this  method  since  the  rate  at  which  particles  cross  the  measurement  volume  is 
proportional  to  the  mass  flux  (pV)  which,  for  compressible  flows,  can  be  significantly  different  than 
the  dependence  on  velocity  (volume  flux)  alone.  Lastly,  the  effects  of  non-uniform  seeding,  which 
was  undoubtedly  present  in  the  current  experiments  due  to  the  role  of  large  scale  turbulent  structures 


in  particle  entrainment  and  transport,  can  cause  additional  errors  in  velocity  bias  correction  by  the 
inverse  velocity  magnitude  technique. 

The  main  problem  encountered  when  implementing  the  residence  time  weighting  scheme  for 
velocity  bias  correction  is  the  resolution  and  accuracy  of  the  residence  time  measurement.  In  the 
IFA-750  processor,  the  residence  time  measurement  is  made  with  a  resolution  of  32  ns  which,  for 
many  flow  applications,  may  be  sufficient.  However,  in  high-speed  flows  the  large  instantaneous 
velocities  and  the  small  measurement  volume  dimensions  which  are  necessary  for  adequate  spatial 
resolution  combine  to  make  particle  residence  times  very  small.  For  example,  in  the  present 
experiments  freestream  velocities  as  high  as  605  m/s  were  measured  with  a  measurement  volume 
diameter  of  120  4m  which  yields  a  particle  residence  time  of  198  ns.  In  turn,  this  results  in  a  worst- 
case  residence  time  uncertainty  due  to  measurement  resolution  of  ±16%.  In  addition,  the  residence 
time  measurement  is  user-dependent  since  the  start  and  end  of  a  Doppler  burst  are  determined  by  a 
threshold  level  which  is  set  by  the  user.  The  combination  of  these  effects  makes  the  residence  time 
weighting  technique  difficult  to  implement  accurately  in  high-speed  flows. 

The  interarrival  time  weighting  method  was  shown  to  be  reliable  in  reducing  velocity  bias  in 
the  present  high-speed,  separated  flow.  Figure  9  shows  representative  velocity  histograms  from  the 
inner  edge  of  the  shear  layer  generated  with  uncorrected  individual  realization  data  and  the  same 
data  after  interarrival  time  weighting.  The  bias  toward  higher  velocity  magnitudes,  clearly  present  in 
the  unweighted  data,  appears  to  be  corrected  by  the  interarrival  time  weighting  (i.e.,  the  corrected 
histogram  is  normally  distributed).  Of  course,  when  implementing  the  interarrival  time  method,  an 
accurate  technique  to  measure  the  time-between-data  (tbd)  must  be  used.  In  the  present  experiments, 
an  absolute  time  stamp  with  1  ^s  resolution  was  output  with  each  velocity  realization,  such  that  the 
tbd  was  determined  by  differencing  successive  time  stamps.  Therefore,  the  uncertainty  due  to 
resolution  of  the  tbd  measurement  was  constant  for  each  realization  in  the  ensemble,  as  opposed  to 
typical  counter-type  processors  which  yield  tbd  measurements  with  varying  resolutions,  thereby 
causing  error  accumulation  throughout  the  ensemble.  Of  course,  the  previous  comments  regarding 
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the  implementation  of  the  interanival  time  weighting  method  also  directly  apply  to  the  sample  and 
hold  weighting  technique. 

The  present  results  suggest  that  the  concept  of  the  velocity-data  rate  correlation  method  in 
low  data  density  environments  must  be  altered  from  its  original  form  (Meyers,  1988).  The 
calculated  persistence  time,  which  is  an  important  part  of  the  debiasing  scheme,  must  differ  from  the 
integral  time  scale  of  the  flow  (as  defined  in  the  original  version  of  this  method)  in  the  low  data 
density  case  since  Tm  »  Tu.  Although  Tummers  et  al.  (1992)  suggested  that  the  use  of  this  method 
was  restricted  to  cases  involving  high  data  densities,  the  present  investigation  revealed  that  it  was 
capable  of  detecting  the  velocity  bias  in  low  data  density  environments.  Figure  10  is  a  typical 
velocity-data  rate  correlation  histogram  generated  with  data  from  the  inner  edge  of  the  shear  layer 
which  shows  the  dependence  of  the  data  rate  on  the  total  velocity.  Note  that  in  the  central  region  of 
the  histogram  where  most  of  the  realizations  occur,  the  data  rate  dependence  is  almost  linear  as 
suggested  by  McLaughlin  and  Tiederman  (1973).  In  the  present  investigation,  the  calculated 
correlation  coefficient  between  velocity  and  data  rate  varied  from  approximately  zero  in  the 
freestream  to  a  peak  value  of  0.29  near  the  inner  edge  of  the  shear  layer  (r/R  =  0.35).  The 
magnitudes  of  the  correlation  coefficient  are  similar  to  those  measured  by  Tummers  et  al.  (1992)  in  a 
low-speed  wake  flow.  The  correlation  coefficient  was  found  to  be  a  reliable  indicator  of  the  degree 
of  velocity  bias  present  at  any  spatial  location. 
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Fig.  1  Schematic  Diagram  of  Supersonic,  Axisymmetric  Base  Flowfield 
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Fig.  2  Sampling  Procedure  of  the  Saturable  Detector  (after  Edwards,  1987) 
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Fig.  5  Comparison  of  Post-Facto  Correction  Methods  with  Reference  Data  for 
Mean  Axial  Velocity:  (a)  Inverse  Velocity  Magnitude  and  Interarrival 
Time  Weightings,  (b)  Sample  and  Hold  Weighting,  Residence  Time 
Weighting,  and  Velocity-Data  Rate  Correlation  Method 
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Fig,  6  Comparison  of  Post-Facto  Correction  Methods  with  Reference  Data  for 
Axial  RMS  Velocity  Fluctuation:  (a)  Inverse  Velocity  Magnitude  and 
Interarrival  Time  Weightings,  (b)  Sample  and  Hold  Weighting,  Residence 
Time  Weichtine.  and  Velocitv-Data  Rate  Correlation  Method 
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Fig.  7  Comparison  of  Post-Facto  Correction  Methods  with  Reference  Data  for 
Reynolds  Shear  Stress:  (a)  Inverse  Velocity  Magnitude  and  Interarrival 
Time  Weightings,  (b)  Sample  and  Hold  Weighting,  Residence  Time 
Weighting,  and  Velocity-Data  Rate  Coirelation  Method 
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Fig.  8  RMS  Differences  Across  Entire  Profile;  (a)  Mean  Velocities 
(b)  Turbulence  Quantities 
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Fig.  9  Effect  of  Velocity  Bias  Correction  on  Shape  of  Velocity  Histogram 
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Fig.  10  Example  of  Velocity-Data  Rate  Correlation  Plot 
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ijgnificam  amounts  of  dmg^.  For  this  reason,  practical 
methods  snch  as  boattailiiyg,  bare  Ueed,  bare 
burning  have  been  developed  in  order  to  increare  the 
bare  pressure  on  aerodynamic  vehicles  such  as 
misriles,  rodt^  and  projectiks.  In  order  to  fisther 
enhance  vehicle  p^ormance,  however,  a  more 
ccmpleie  understanding  of  tbe  complex  fluid  dynamic 
processes  that  occur  in  bare  flowfields  is  necessary. 
Past  ejqtetimenttl  efforts  have  provided  mi  ■t*^*** 
descrqxioa  cf  the  overall  flowfield  snicture  and  souie 
parametric  trends,  but  very  litfle  detailed  qnantiuuive 
data  exists,  eqtecially  for  anperMoic  flows.  In  fact,! 
comprefaensive  survey  of  tbe  availalde  experimemsl 
data  on  axisymmetiic  bare  flows  was  recentlv 
undenaken  by  GARTEUR  Actioo  Group  AG09^. 
After  an  esha^ve  rearch,  tbe  groqp  concluded  that 
no  accurate,  weU'documented  etqterimental  dau 
existed  for  the  iiear>wake  flowfield  in  supersonic, 
axisymmeoic  flow.  Rdiable  turbulence  informatiaa  in 
the  bare  regioD  is  eqtedaUy  scarce  whidi  presents  a 
problem  in  validating  mnnerical  predictions  of  there 
flowfields  (see  Reft.  3-S).  Qearly,  tbe  practical 
importance  of  increasing  the  understaiuluig  of 
axisymmetric  bare  flowfields  lies  in  the  ability  to 
sooieday  control  die  near-wake  flow  interactions  snch 
that  bare  drag  can  be  reduced  and  vehicle  stability  and 
control  can  be  enhanced. 

A  schematic  diagram  of  the  mean  flowfield 
structure  in  the  near>wake  of  a  cylindrical  afterbody 
aligned  with  a  supcRonic  flow  is  riiown  in  Fig.  1.  The 
supersonic  afteiltody  freesiream  flow  undergoes  a 
strong  eiqiansion  centered  at  tbe  base  coner  as  tbe 
uirbulem  boundary  layer  separates  geomeoicaUy  from 
tiiebody.  A  free  shear  layer  is  formed  which  separmes 


dw  cmter  iDviscid  flow  from  a  relatively  large 
wwitriiititm  f^ioo  imoiediaiBly  downstream  of  the 
base.  The  intenie  tnrbuleiit  mixing  and  energy 
exchange  that  characterize  the  free  shear  layer  ate 
important  in  detennining  the  flowfield  ptopoM 
throughout  the  near-wdm  including  the  trcirriilatifin 
regkB.  As  the  free  shear  hqrer  q)ptQoches  the  axis  of 
symmetry,  a  tecompression  pcoc^  occurs  which 
eventually  realigns  the  flowfield  with  the  axis.  A  rear 
stagnation  point,  where  the  mean  velocity  vanishes,  is 
located  on  the  centerline  and  separates  the 
recircnlatiao  region  from  the  wake  which  develops 
downstream. 

The  early  theoretical  lopdd  for  mtboleot  base 
flows  developed  by  Korst^  prompted  several 
eqierimental  inveatigatioos  triiich  attempted  to  gather 
the  etmmical  informatiao  necessary  to  complete  the 
theory Howeva.  many  ejqterimental  proUems, 
including  improper  model  mounting,  probe 
interferenoe  effects,  and  lack  of  flowfield  symmetry, 
hampered  these  efforts  which  resulted  in  dau  ot 
queaiooable  accuracy.  These  experimental  difficulties 
stem  primarily  from  the  axisymmetiic  gocmetr^  oS  the 
body  as  well  as  the  sensitivity  of  the  separated  region 
downstream  of  the  base  to  wind  tunnel  interference 
effects^^.  PofaqK  the  most  comprehensive  previous 
study  of  supersonic  power-off  base  flows  was 
undmuken  by  Gaviglio  et  al.^^  using  a  hot-wire 
anemometer.  The  overall  invisdd  flow  structure  and 
downstream  wak*  properties  were  determined; 
however,  the  recircuctiao  rq^ioo  directly  behind  the 
base  was  not  investigated  due  to  possible  probe 
interference  effects  which  limits  the  u^ty  of  the  data. 
Neale  et  al.^^  investigated  the  mean  velocity  field 
behind  a  circular  cylindv  with  a  pitot-sottic  probe  but. 
again,  bypassed  the  separated  region.  Clearly, 
accurate  experimental  measurements  in  the 
recirculation  region  downstream  of  the  base  require 
non-incrusive  diagnostic  techniques.  Laser  Dozier 
velocimetry  (LDV)  is  a  non-intrusive  velocity 
measurement  tool  well-suited  for  such  flows. 
Delery^^  used  LDV  to  successfully  documem  the 
near-wake  of  a  subsonic,  axisymmetric  base  flowfiekL 
Detailed  mean  velocity  and  turbulence  data  were 
gathered  throughout  the  near-wrice  and  provide  a  good 
data  base  for  the  subsonic  case.  Amatucci  et  al.^^ 
made  similar  LDV  measurements  in  a  supersonic,  two- 
stream  flowfield  with  a  two-dimensional  base  that 
modeled  the  power-on  case;  however,  the  effects  of  the 
more  practic^  axisymmetric  configuration  were  not 
investigated.  Helisley  et  aL^^  used  LDV  to  investigate 
the  flowfield  downstream  of  a  transonic, 
axisymmetric,  power-on  base  flow  but  encountered 
experimental  problems  throughout  the  measurements. 

In  the  current  study,  experiments  were 
conducted  to  document  the  entire  near-wake  flowfield 
structure  behind  a  cylindrical  afterbody  immersed  in  a 
supersonic  flow.  Detailed  LDV  measurements  were 
made  in  order  to  obtain  a  better  understanding  of  the 
fluid  dynamic  processes  throughout  the  near-wake 
including  separation,  shear  layer  growth  and 
devdIrqMnent,  reattachnient,  and  wake  redevelopment 


To  dm  andian' kaotHedge.  dmae  data  also  provide 
fiiat  driailrvl  invcsrigatiaB  of  ibe  mean  and 
velocity  fields  inside  the  lecircalatioa  icgiae  in  a 
napcfsonic  base  flow.  In  adthtiai.  dam  provided 
hoein  will  aid  bodi  analytical  rod  naascrical  modden 
of  sopenonic,  axisymnielric  base  flows. 

BwwrimfwWl  ParOitT  — li 
Wind  Tnmiel  PTflitv 

The  experiments  were  coodncted  in  a 
soposonic.  Uowdown-qrpe  wind  tunnel 
solely  fs  the  sindy  of  axisymmetric  base  flows. 
Hgure  2  is  a  schematic  diagram  of  the  axisynunetric 
wind  tmmel  facility  which  is  iocsmd  in  the  IMversity 
Qi  Illinois  Gas  Dynamics  Laborat^.  Dry. 
compieaaed  air  pasaes  from  the  stagnation  rttamhrr 
thro^  a  flow  cwiditiniiiiig  module  of 

screens  and  hooejrcoinb  (used  to  danqiea  any  large 
scale  duonbances  generated  in  the  ar  sqiply  process 
and  to  minimire  frecjtitam  tntboleace  levds)  mid 
finally  ID  the  ctmveitging-divetging  supply  noole.  Ibe 
pressure  and  trmpermue  in  the  stagnminn  chamber 
were  consiateiidy  mainiained  at  SIS  ±  2.8  kPa  and  294 
±3K,itq;iectivety.  The  nozzle  takes  an  annulm  dupe 
due  to  the  central  shag  which  snppoRs  the  base  model 
from  upstream  to  prevent  any  interference  with  the 
near-w^  flowfield.  Tbecybukical  afterbody  used  in 
the  present  experimerus  is  ^.S  mm  in  djameter  and  is 
attached  by  internal  threads  to  the  song.  Physical 
snppottt  Cor  the  sting  are  located  outside  ibe  rear  of  the 
stagnation  chamber  and  inside  the  wind  nmnel  m  the 
flow  coodiiioiiing  module.  The  stiiq(  supports  are  of 
sufficient  rigidity  such  that  st^  vibntiao  due  to 
flowfield  fluctuations  was  negligible.  The  nominal 
design  Mach  number  and  nnit  Reynolds  number  m  the 
nozzle  exit  are  2.S  and  S2  (10^)  per  meter, 
respectively. 

Proper  centering  of  the  afierbody/base  widini 
the  nozzle  is  critical  in  obtaining  axisymmetiic  flow  in 
the  near-wake.  In  these  experiments,  custom-designed 
wind  tunnel  adjusting  blo^  were  used  to  adjust  the 
lelanve  positioa  between  die  sung  and  nozzle  until  an 
axisymmetric  flow  was  obtained.  Oil-streak 
visualization  performed  on  the  base  was  used 
effectively  to  examine  the  stingAiozzle  alignmem  and 
was  found  to  be  a  very  sensitive  indicator  of  the 
symmetry  of  the  near-wake  flowfield.  Micrometer 
measurements  at  the  nozzle  exit  indicated  a  maximum 
afterbody  misalignment  at  0.13  mm  from  the  {diysical 
nozzle  centerline. 

Fxnerimemal  Methods 

Conventional  schlieren  and  shadowgraph 
photogitqiby  were  used  to  investigate  the  qualitative 
structure  of  the  near-wake  flowfield.  The  pbotogi^ihs 
were  of  only  moderate  qualiQr  due  to  the  axisymmetric 
nature  of  the  flow,  but  they  were  used  snccMSfnlly  to 
confirm  die  flowfield  structure  shown  in  Hgioe  1  and 
to  determine  a  proper  operating  condition  that 
eliminated  any  wind  tunnel  interferenoe  effects. 


2 


Mob  tttic  preMare  meaniciiieati  were 
Bade  «  eewenl  locrekait  OB  liK  bare  aod  aftertxxfy 
Mfacea  ong  a  PteaBae  Syaems  lac.  digial  jaejsure 
tnauainer  (INPT  6400-T).  POneiecB  pwuuit  ta|s 
(0^  BB  B  duaaeMr)  were  located  symBetiically 
acracsdiebaKatiadialiaaBrvalaaf3.18Bm.  Along 
tbe  afteibody.  two  aett  of  dianietiicaUy-appoaed 
presaare  tape  (0^  nun  in  diameter)  were  located 
attning  138  nun  upBream  of  the  Imm  comer  with 
each  lap  aqiaiated  aiiaOy  by  3.18  nun  and  a  total  of 
five  tq»  in  each  aet  In  addition  to  the  afterbody 
preaaare  taps,  total  preasnre  and  tempenBue  probes 
were  mounted  in  the  stegnatinn  chamber. 

The  focus  of  fiiis  invesrigarion  involved  die 
inplementation  of  a  two>«omponeat  LDV  system  for 
measoriag  the  near-wake  velo^  field.  Aitifidalaeed 
particles  were  geaec^  by  a  TS  Inc.  six-jet  atomizer 
filled  with  SO  cp  silicoiie  oU.  The  droplets  were 
inje^  inio  the  flow  npstream  of  the  Cscil^  nozzle  to 
avoid  disturbing  the  flowfield  with  the  injecdoo 
process.  In  previous  experiments  with  the  same 
seeding  qiparatus,  Bloomberg!'^  deduced  a  mean 
droplet  diaineter  of  03  pm  and  showed  mean 
relaxation  distances  of  qjproximately  2  nun 
downsoeam  <rf  an  oUique  sho^  wave  generated  by  a 
IS  degree  compression  comer  in  a  Mreh  2.6  flow. 
The  maximum  velocity  gradienu  in  tbe  present 
experiments  (near  boundary  layer  sqfiaiation)  are 
significandy  weaker  than  for  the  oblique  sho^  in 
Bloomberg's  wodc;  however,  to  ensure  negligible 
particle  lag  in  the  current  experiments,  no  data  are 
presented  within  the  find  S  mm  downstream  of  the 
base  coma  sepaiaxioa  pennt.  In  die  squraied  shear 
layer,  the  Stokre  number  for  this  sreding  oonfiguatum 
is  estimated  to  be  0.15  which  Samimy  and  Lel^"  have 
shown  yields  root-mean-square  slip  velocities 
(difference  in  velocity  between  tbe  particle  and  tbe 
local  fluid  element)  of  tqiproximately  13%. 

The  LDV  measurement  volume  used  in  these 
experiments  was  120  pm  in  diameter  and  had  a  fringe 
spacing  of  approximately  103  pm.  A  20”  off-axis, 
forward-scatter  receiving  optics  configuration 
used  to  reduce  tbe  effective  measurement  volume 
length  to  0.70  mm.  Bragg  cells  were  used  in  each 
component  to  frequency  shift  one  of  the  beams  40 
MHz  against  the  mean  flow  direction  in  order  to 
discriminate  reversed  velocities.  In  addition,  the  two 
orthogonal  fringe  pattenis  were  rotated  to  ±4S  degrees 
relative  to  tbe  wind  tunnel  axis  to  reduce  fringe 
blindness.  To  measure  accurately  tbe  Doppler 
frequencies  in  this  demanding  flow,  a  TSI IFA-7S0 
autocorrelation  processor  was  used.  Data  were 
gathered  from  the  processor  by  a  Gateway  2000  486- 
33  personal  computer  where  further  processing  and 
analysis  were  performed.  Positioning  of  the  LDV 
measurement  volume  throughout  the  near-wake 
flowfield  was  accomplished  using  a  three-axis, 
compoter-conuolled  traversing  table  widi  a  positioning 
resolution  of  0.7S  pm. 

The  LDV  measurement  locations  were 
concentrated  in  the  regions  of  high  velocity  gradients 
including  the  qrptoach  boundary  layer,  sepaated  shear 


lays.  devdopiBg  write,  and  alre  nev  the  naBactencBt 
poitt  Radial  anvenes  were  coB|ilcted  at  21  axial 
MtMW  tfarnugboni  tee  near-wakn  wite  appraathnately 
30  qadal  kxatiiBi  per  anverae.  In  adteteon.  re  axial 
iiavaie  akBg  tee  aaodel  oenteritee  was  petfooted  to 
dhow  tee  devdo|Bieat  of  tee  oeateriiBe  mean  vdocay 
and  ttebnlenoe  intenabeL  Dodag  each  radial  navoae. 
three  or  ftiv  lorariom  bdow  the  axis  of  syBaeiry 
were  measared  B  check  tee  syaineiiy  of  the  flow.  In 
all  cases,  the  mcaanred  amlm  centeriine  (defined  as  tee 
location  where  <b*^'>  *0)  was  wittea  2  nun  of  the 
geooetne  model  centerline.  Appraxitnately  4000 
tnstantaneoiw  velocity  realizations  were  gathered  at 
each  qiatial  location  and  probafaili^  density  fiBctiou 
(pdii)  of  eadi  velodly  component  were 
Tbe  pdCi  genenOy  resembled  a  Gaussun  profile 
except  near  the  inner  edge  of  the  shear  layer  (neat  U  « 
0)  where  bimodal  pe^  in  each  pdf  consisteatiy 
occuned.  Tbe  bunodal  pdCi  bmb  Iteely  «wtif^  Hie 
preaence  of  iBge-i^  snuctures  on  the  hmer  edge  of 
the  shear  layer  wdiich  play  an  inqionant  rale  in  the 
entrainment  of  fluid  from  the  mcirculatinnr^ion.  Tbe 
effects  of  velocity  bias  on  the  LDV  dau  were 
accoimted  for  by  wdgbting  each  veloci^  lo^zation 
with  the  intennivd  time  between  leabzatiaos™. 

With  the  ennrem  two-component  LDV 
Bnangement.  both  die  horizontal  and  vertical 
componentt  of  velodty  irere  measured.  In  two- 
dimensional  flows,  this  generally  allows  direct 
measurement  of  the  streamwise  and  transveise 
velocities,  but  no  measurement  of  tbe  spanwise 
componeoL  In  tbe  emrem  axisymmeiric  flow,  by 
using  the  same  LDV  configuration  and  making 
measurements  indqteadentiy  in  both  the  horizontal 
and  vertical  planes  which  pass  through  the  axis  of 
symmetry,  all  three  mean  and  IBS  velocities  have  been 
measured.  In  addition,  tbe  axial-radial  <o'vr'>  and 
axial-tangectial  <a'vt'>  Reynolds  shear  stresses  have 
been  directly  measured.  An  error  analysis  inrimting 
the  uncertainties  associated  with  velocity  biasing, 
fringe  biasing,  velocity  gradient  biasing,  finite 
ensemble  size,  processor  resolution,  optical 
misalignment,  and  fringe  qtacing  detetminatian  has 
beencompletrtL  The  e^mturd  worst-case  uncertainty 
in  tbe  mean  velocity  measurements  is  13%  of  U)  and, 
in  the  tms  velocity  fluctuations,  23%  U 1 ,  svhere  U 1 
is  the  freestream  velocity  just  prior  to  aqntation. 

Remhs 

ftHsac  Mcasuremcias 

Static  pressure  measurements  along  the 
afterbody  were  used  to  assess  the  unifonnity  of  the 
nozzle  exit  flow  as  well  as  any  tqwtream  influence  of 
the  sepaiwon  process.  As  oqxx:^  the  pressure  field 
approaching  tte  base  corner  was  relatively  unifoim 
and  takes  a  value  con-sistem  with  an  iseatropically 
expanded  Mach  2.44  flow.  No  upstream  influence 
fr^  the  base  corner  sqiaratioo  was  evident  in  the 
data. 

Pressure  measurements  have  also  been  made 
at  nineteen  locations  on  the  base  in  order  to  assras  die 
radial  distribution  of  tbe  mean  static  pressure.  Rgnre 
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ifh  Inratiii^  ag; 


where  P  if  the  ntic  prenore.  M  the  Mach  number, 
and  the  snhaciiiK  1  denoMf  condition  at  the  nozzle 
eadL  The  presnre  is  diown  10  be  idaiively  oonsant 
acroM  the  bare  (note  die  ezpandrd  vcnical  acate)  with 
a  slight  increase  toward  larger  radii  where  the 
iwriitMim  ymguie  measured  was  ZS%  than  the 

presnire  tt  the  center  of  the  base.  Similar  base 
peessure  profiles  were  observed  by  Reid  and  Hastings” 
for  a  cylindrical  afterbody  in  a  Mach  2.0  flow  with  a 
masunum  rise  in  presume  of  approziinaiBly  3%  across 
the  base.  An  area-weighted  avenge  of  the  cuneatdma 
across  the  bare  was  pr^ormed  to  determine  an  avenge 
base  pressure  coefficient  of  -0.102. 

FlowfieM  Velncitv  MeMurememg 

Annrftarh  Fiaw  Measuremenls 

The  boundi^  layer  qjptoaching  the  base 
corner  separatioo  point  was  measured  at  three  axial 
statioiu  iqntreaai  <tf  the  base.  Figure  4  is  a  plot  the 
boundary  layer  prt^  obtained  1  mm  iqistr^  of 
base  corner  along  with  a  curve  fit  by  Sun  and  Childs^ 
for  compressible,  turbulent  boundary  layers.  The 
boundary  layer  properties  derived  firm  the  curve  fit 
are  also  shown  in  Figure  4.  The  values  for  the 
dimensiooless  properties  (H.  11.  and  are  typical  of 
those  found  in  Muilibrium.  compresi^e.  tmbulem 
boundary  layers^'.  In  order  to  determine  integral 
properties,  the  mean  density  profile  through  the 
boundary  layer  was  determined  using  the  id^  gas 
equation  of  state  and  the  assumptions  of  negligible 
radial  pressure  gradient,  adiabatic  wall,  and  a  recovm 
factor  of  0.89  as  suggested  by  Kays  and  Crawford^. 
The  freestream  Mach  numbm  across  the  nozzle  exit 
was  measured  by  LDV  to  be  2.46  ±  1%  (the 
corresptmding  apinoadi  velocity  was  s  567  m/s). 
Also,  measured  ft^tream  turbideiice  intensities  in  the 
approach  flow  were  less  than  1%. 

Cetagrlin£  Measurernems 

The  LDV  measurements  along  the  model 
centerline  were  taken  in  5  nun  increments  fiom  the 
base  to  the  end  of  the  viewing  window  in  the  test 
secticHi.  A  plot  of  the  mean  axial  velocity  along  the 
model  centerline  is  shown  in  Fig.  5.  The  origin  of  the 
cylindrical  coordinate  system  has  been  arbitiarily  set  at 
the  center  of  the  base  with  all  axial  distances  positive 
downstream.  The  axial  location  where  dm  data  crosses 
the  U  =  0  line  cleariy  defines  the  rear  stagnation  point, 
S,  since  the  othm  two  measured  velocity  components 
are  negligible  along  the  centerline;  this  occurs  at  x^  « 
2.65.  The  maximum  reversed  velocity  occurs  at  x/R  ■ 
1.5  and  takes  a  value  of  q^noximately  27%  of  the 
igrpioach  fieestream  velocity.  In  a  siinilm  experiment 
using  LDV  in  subsonic  flow  (Mach  0.85)  behind  a 
circular  cylinder,  Deloy^^  found  the  rear  stagnatitm 


point  locaied  m  3J06  bare  radii  downstream  and  a 
marimma  reversed  vatody  of  ntproaiamiBly  30%  of 
drekxalfieet&eamvahiesBdlocanlatx^*  lA  It 
is  mterestiag  ID  sole  that  fv  both  dm  st^maoBic  ami 

at  a  locaticn  appraxunaidy  57%  of  the  disnmu  ftom 
dm  bare  ID  the  lemtachmem  point  MerzetaL^ftmnd 
dm  for  all  Mach  nundren  ftom  0.1-05,  die 
revetaed  velocity  ivas  35-40%  of  ^  fteeatream 
velociqr  and  occmied  at  a  diamBoe  60%  of  dm  length 
toieatachmcru.  Thedogreeofwakewdevelopnientin 
the  present  experimentt  is  hulicawid  in  Rg.  5  by  the 
maximum  positive  cwiMriiM  velonry  which  takes  the 
valrie  of  57%  of  the  approach  velocity  (M  «  155)  at 
the  hrttfaest  downstream  statinn. 

Near.Wakg  Uean  Vetoafv  MeaairfmfMx 

The  mean  velocity  vector  field  in  the  near¬ 
wake  is  shown  in  Rg.  6.  In  dus  and  sabaequent 
figures,  the  vertical  axis  has  been  apanded  by  42% 
conqiared  to  the  horizontal  axis  in  order  to  more 
clearly  dhow  die  features  of  the  flowfield  (the  axial-io- 
radial  aqiea  ratio  of  the  acmal  LDV  measuretnem  grid 
is4.27:l).  In  order  to  place  the  experimental  data  on  a 
uniform  grid  for  the  vectors  shown  in  Fig.  6.  a  atsople 
linear  interpolarion  in  both  x  and  r  between  the 
unequally  placed  data  was  cnmpietnd.  The  velocity 
vectors  show  cleariy  the  dominance  of  the  axial 
velodqr  on  the  overall  mean  velocity  field.  The 
turning  of  the  mean  flow  through  the  base  corner 
expansion  Cin.  the  relatively  low-qieed  reciimlarion 
tegion.  and  the  realignmem  of  the  mean  flow  with  the 
axis  downstream  of  reattachment  (S)  are  cleariy 
riiowa 

A  contour  plot  of  the  Mach  number 
distribudon  duoughout  the  near-wake  is  shown  in  Fig. 
7.  The  steep  velocity  gradients  through  the  initial 
portioo  of  the  shear  layer  are  cleariy  evidem  in  the 
figure.  The  qjteading  of  the  contour  lines  further 
downstream  is  indicative  of  the  growth  of  the  shear 
layer  prior  to  teattachment  and.  also,  the  wake 
develt^ment  downstream.  Note  that  the  flow  along 
the  axis  reaccelerates  to  sonic  velocity  at 
approximately  five  base  radii  downstream  wl^  is 
.similar  to  die  measurements  of  Neale  et  aL^^  in  a 
Mach  3  base  flowfield  where  the  sonic  poim  was 
located  at  x/R  »  5.1.  The  maximum  Mach  number  erf 
the  reversed  flow  is  0.48  and  is  located  on  the 
centerline  at  qjproximately  x/R  s  ij.  The  gradual 
lecompression  of  the  outer  fk>w  is  indicated  by  the 
deoressing  Mach  number  contours  in  the  iqtperri^  of 
the  figure. 

The  mean  radial  velooty  contours  are  riiown 
in  Fig.  8.  The  small  values  relative  to  the  mean  axial 
approach  velocity  once  again  show  the  dominance  <rf 
the  axial  velocity  in  the  near-wake  flowfield.  The 
closely  spaced  contours  wnaMring  from  die  base 
comer  m^  the  turning  of  the  mean  flow  through  the 
expansion  fan.  As  the  outer  inviscid  flow  qiproaches 
the  axis  of  symmetry,  the  radial  veloci^  continues  to 
increase  in  magnitnde,  due  to  the  axisymmetric  effect, 
to  a  peak  value  (rf  22%  (rf  the  mean  approach  velocity 
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at  a  locatioe  vproumately  two  base  radii 
dowamcam.  The  locaoco  of  flowfield  lealigmneat 
witb  ibe  aa»  of  $ymmeuy  y»eais  lo  dqiead  oa 
wfacther  tfae  flow  is  wpaaooic  or  sidtaonic.  Tbe 
ledigmaeat  praces  ia  the  outer  flow  is  dbown  ia  the 
qiper  tiibt  of  Rg.  8  by  dK  Goaioor  liaes  of  deaeasiiig 
magnitnde  sod  the  relatively  uaifanB  flow  regioa 
downstrean  of  the  last  cootoor.  However,  cloaer  to 
the  axis  of  synunetry.  a  much  sIowct  realiguaeat  of 
the  sabsoaic  huier  flow  ocean,  sadi  that  the  sacaa 
radial  velocity  is  qipredable  oat  lo  x/R  ■  4  The 
ineaa  t«ng«a^i  (sr^)  velocity  was  also  directly 
measored  widi  the  LDV  system,  aod  as  expeoed.  die 
magnitades  were  negligible  coaqiared  to  the  other  two 
compoaeias. 

N^ar.Wakf  Turhuitnre 

The  tDOt-meaa-sqaare  flartaation  velocities 
were  direedy  measured  ia  all  three  coordinate 
directions  arid  will  be  piesrated  in  the  form  of 
turbuleace  iniensiries.  oAJi-  Figure  9  shows  tte  axial 
Dirbulence  intensiqr  coolours  tfaroughoot  the  near- 
wake.  Tbe  large  increase  in  turboleat  flocaiations 
from  tbe  outer  freestream  to  the  values  in  the  shear 
layer  and  wake  are  qiparent  A  peak  Mial  tins 
velocity  fluctuatioo  of  22%  of  the  mean  approach 
velocity  occurs  at  a  location  83%  of  tbe  axial 
from  the  base  to  reattachment  Upstream  of 
leattachmem  at  any  axial  station,  the  radial  Infiaritai  of 
the  maximum  axial  turbulence  intensity  lies  in  the 
subsonic  regitm  of  the  shear  layer.  In  ctmtrast 
Amatucci  et  aL^^  found  peak  levels  of  turbulence 
intensity  near  the  sonic  line  in  a  two-thmenaonal.  two- 
stream  base  flow.  Throughout  the  recirculation  region 
in  the  current  study,  the  axial  turbulence  intensity  is 
relatively  constant  except  very  close  to  the  base  where 
it  is  attenuated.  Further  dowiunream  as  tfae  shear  layer 
transforms  into  a  wake,  the  overall  level  of  turbulem 
fluctuatioas  diminishes  and  a  well-defined  peak  in  tfae 
axial  turbulence  intensity  profiles  is  no  longer 
discernible. 

Contours  of  constant  radial  turbulence 
intensity  are  shown  in  Fig.  10.  Tbe  general  trends 
follow  closely  those  of  tbe  axial  turbulence  intensity, 
but  the  overall  fluctuation  levels  are  smaller.  Tbepe^ 
radial  velocity  fluctuation  is  IS.6%  of  Ui  and  occurs 
at  roughly  the  same  location  as  the  peak  axial 
flucniation.  The  recirculation  regioa  contains  a  greater 
variation  in  radial  turbulence  intensity  than  axial 
turbulence  intensity  with  a  sready  increase  from  the 
base  to  the  reattachmem  point  (not  including  tbe  base 
effects  at  x/R<0.S).  The  turbulence  relaxation  beyond 
reattachment  is  fairly  slow  with  a  uniform  radial 
turbulence  intensity  across  tbe  inner  portion  of  the 
wake  as  it  devekqis. 

The  tangential  turbulence  intensity  represents 
fluctuations  from  the  mean  swirl  velocity  which,  as 
mentioned  above,  is  n^gible  for  axisymmetric  flows. 
Figure  1 1  is  a  plot  showing  the  tangential  turbulence 
intensity  throughout  the  near-wake.  The  overall  level 
of  fluctuations  in  the  tangential  direction  is  reduced 
compared  to  the  axial  turbulence  intensity  and  is 


fBueially  fluaUer  dmn  the  radial  flacamiiaK.  Tbe 
peak  value  of  tte  velocity  ii 

13J%  of  Ui  aad  ocean  aear  the  drev  Itycr 
leanachmere  point  at  x/R  >  2.6S.  Tbe  grenea 
variatkio  ia  tangential  mrfaokace  iaieasity  ocean  at 
the  outer  edges  of  the  sfaev  layer  and  wake,  md  dm 
radial  prafika  do  not  exhibit  the  Anp  peaks  evideai  ia 

Ito!  wial  mmI  ftlial  wiilwir*  iHWhiiia 

The  ratio  of  the  tarbuleaice  iateasity 
coBlribaliaiis  from  each  cnaspoaew  gives  a  rdative 
inrtiratioB  of  the  saisoBopy  ia  die  normal  sttass  field, 
la  the  carrmt  flow,  the  axial  turbuleace  iateasity 
dnmiiiaies  with  peak  vahies  anaoximately  30-30% 
higher  tfaaa  the  pedt  radial  fluntnatinns  aad  60>70% 
higher  than  the  peak  taagea^  fluctuttiaas  in  the 
diear  Ityer  where  aaiaoitopy  is  latgesL  Tbe  relative 
onienitg  of  the  peak  tufbulflBoe  iniBasity  nmgnitiides 
(axial-fadial-tBngeatiaO  framd  in  the  evrem  base  flow 
expetimeau  can  be  oontnaaiid  with  tfae  reoem  data 
frran  Gruber  and  Dutton^  for  a  two-dhnimsional. 
compressible,  coastsia  pressure  mixing  layer.  Indieir 
audy.  tbe  magnitiide  of  tfae  qianwiae  componrm  ttf 
tmbuleace  iateasity  exceeded  tfae  coatributioo  from 
the  transverse  cooqxmeat  by  approKimaiBly  20%  in  the 
peak  intensity  r^iao  of  the  shear  Ityer.  prahddy  due 
to  the  tfaree-diineasioaal  nature  of  tfae  large  scale 
structures  in  tfae  planar,  compreasdile  mixing  layer.  In 
axitymmetric  Bow,  the  tendency  of  tfae  structures  to 
grow  asymmetrically  fin  the  tugwiriai  directioo)  is 
most  likely  dampeiied  by  the  more  stringent 
axisymmetric  coruiitions  imposed  by  the  mean 
flowfield.  In  inconqitessilde.  constant  pressure  mixiag 
layen,  die  qianwise  conqioneat  of  turbukaoe  iateasity 
has  been  shown  to  be  qqxroiumateiy  equal  to  the 
transverse  nubuleace  intensity^. 

An  imporont  mrbalerice  quantity  often  used 
to  describe  tfae  overall  levd  of  turbulem  fluctuatioos  is 
the  nsbulem  kinetic  energy  defined  as: 

k  *  I  (Ou^  +  Ovr^  +  Ovt^)  (2) 

In  these  experiments,  all  three  mean  square 
fluctuations  (normal  stresses)  have  been  directly 
measured.  Figure  12  is  a  plot  d  the  turbulent  kinetic 
energy  as  measured  throughout  tfae  near-wdee.  Since 
tfae  axial  turbulence  fluctuatiao  levels  dominate  tbe 
flowfield,  the  contours  of  turbulent  kinetic  energy 
qipear  relatively  similar  to  those  of  tbe  aviai 
Qubulence  intensity  (Fig.  9).  The  turbulem  kinetic 
energy  gro^  rapidly  after  sqxuatioa  as  tfae  shear  Ityer 
grows.  Prior  to  reartachmem.  however,  a  maximum  is 
reached  and  a  subsequent  decay  to  tbe  relatively 
constant  values  in  tfae  wake  occurs.  Again,  tfae  sharp 
peaks  in  turbulent  kinetic  energy  radial  profiles 
occurring  in  the  shear  layer  are  nonexistent  in  tfae  wake 
further  downstream.  In  die  redrculation  regkn,  tbe 
level  of  turbulem  kmedc  energy  is  reduced  by  the  lack 
of  turbulence  produedoo  due  to  snudl  mean  velocity 
gradients.  The  maximum  turbulem  kinetic  energy 
measured  in  the  near-wake  was  4.4%  of  Ui^  and 
occurred  m  x/R  >  2.2,  or  somewhat  upstream  of 
reattachment 
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In  dm  cnneat  experiments,  both  the  azial- 
ndial  (<n'vr>)  and  axial-angentiai  <<n'vt'>)  Reynolds 
sbear  streaaes  have  been  measured  dirretly.  As 
eiq)ected.  the  axial<adial  shear  stress  dnminaBis  the 
axial-tangential  ness  which  is  n^UgOde  thioaghoat 
dm  near-wake.  Hgore  13  is  a  plot  showing  the  axial- 
ladial  diear  Areas  distribotioo  downstream  of  the  base. 
The  shear  stress  peaks  in  the  shear  layer  qtsiream  of 
leanachmem  in  approximately  the  same  location  as  the 
peak  in  mbolent  kinetic  energy.  Aba-Hipeh  and 
Samimy^  used  LDV  to  mvestigaiB  a  sopemmic  shear 
li^  reattaching  onto  a  wall  and  found  peric  values  of 
turbulent  kinetic  energy  and  Reynolds  stress 
domutrean  of  the  reattachment  location.  The 
difiference  in  the  locations  for  the  peak  turbulence 
quantities  between  these  experiments  may  possibly  be 
attributed  to  the  differences  between  solid  wall  and 
compliant  sutfoce  leattachmeoL 

The  productioa  of  turbulent  kinetic  energy, 
defined  as  follows: 

dUi 

Pk»-<ui-Uj->^  (3) 

provides  a  measure  of  the  amount  of  kinetic  energy 
transferred  from  the  mean  flow  to  the  unbulence  field. 
Investigating  the  distribution  of  throughout  the 
near-wake  provides  insight  into  the  structure  of  the 
turbulence  field  as  well  as  establishing  the  role  of 
turbulence  productioo  in  differem  regions  of  die  flow. 
In  axisymmetric  flow,  only  four  of  die  nine  production 
terms  are  non-zero  which  leaves  the  following 
expression  for  P](: 

Pk  =  .Ou^^-<u'vr’>^+^).Ovr^^  (4) 

which  is  plotted  in  Fig.  14  (to  avoid  clutter,  tmly  a 
reference  contour  label  is  shown;  all  other  contours  are 
equally  spaced  with  values  increasing  by  0.02).  Strong 
opulence  productioa  is  seen  to  occur  immediately 
downstream  of  the  sqiaration  point  on  the  inner  edge 
of  the  shear  layer.  This  is  not  surprising  as  the  mean 
velocity  gradients  are  very  large  in  this  legioiL  As  die 
shear  layer  develops,  tbc  mean  velocity  gradients 
decrease  but  the  Reynolds  stresses  increase  (Figs.  9- 
13)  such  that  the  to^  production  remains  .ri^ificant 
up  to  the  reattachment  point  Downstream  of 
reattachment  however,  die  Reynolds  stresses  and 
mean  velocity  gradients  both  decrease  rqiidly  resulting 
in  a  diminish^  level  of  turbuleiice  {soduedon. 

Since  the  total  production  of  turbulent  kinetic 
energy  is  merely  the  sum  of  the  production  terms  for 
each  Reynolds  normal  stress,  separating  the  total 
production  expression  into  its  individual  ctxnponeats 
yields: 

Pk  =  Pu  +  Pvr  +  Pvt  (5) 

where  the  individual  production  terms  for  each 


Reynolds  normal  stress  are 

Pu  =  -Ou  ,  ■ 

,  .  3U 

.<uv,>-j;: 

(6) 

1 

II 

Ot 

-<uVr'>-^ 

(7) 

_  Pn«0  (g) 

Iran  the  cmieot  eqiethneois,  the  relative  ttuvnitudes 
of  each  term  indicate  that  Pq  »  Py,  >  Pv|. 
Conaequeudy.  the  m^otity  uf  the  energy 
between  the  mean  flow  and  the  tnrboleaoe  field  occms 
through  the  axial  compooem  of  the  Reynolds  nocmal 
stress.  The  radial  and  tangential  componemt.  on  the 
other  hand,  must  receive  their  kinetic  energy  fitom 
other  aonrees  audi  as  pressure-velocity  irueractiaos  or 
momentum  transport  by  turbulent  velocity 
flnrtnatinns.  Tber^ore.  die  r^^ve  ordetiiig  of  the 
Reywlds  normal  stresses  (Oq^  >  Ovr^  >  Ov^)  ^ 
consiAeof  with  the  of  turbukoce  productioo 

that  each  component  receives  from  the  mean  flow. 


The  turbulent  near-wake  of  a  dicnlar  cylinder 
aliped  with  a  supersonic  flow  has  been  invesdgaied 
nsmg  non-intnisive  measurement  techniques.  The 
main  objective  of  these  eiqietiments  is  to  increase  the 
understanding  of  the  complex  fluid  dynamic 
phenomena  that  occur  in  supetacmic  base  flowfidds  by 
the  use  of  detailed  quantitative  dau  gathered 
dnoughont  the  near-wake.  Specifically,  afterbody  and 
base  pressure  distributiaos,  mean  velocities,  turbulence 
intensities,  and  Reynedds  sbear  stresses  have  been 
obtained;  these  data  have  been  tabularized  on  a  floppy 
didcediid  is  available  fiom  the  authoR.  Asaresultof 
data  analysis,  the  fiollowmg  oooclusioos  ooncerning  the 
near-wake  flowfield  can  be  made: 

(1)  The  mean  static  pressure  pn^le  across 
the  base  is  relatively  uniform  with  an  average  base 
pressure  coefficiem  of  -0.102. 

(2)  The  maximum  reverse  velocity  along  the 
wake  centerline  reached  27%  rtf  the  mean  approach 
velocior,  or  Mach  0.48.  and  occurs  appraximately  57% 
(d  the  distance  from  the  base  to  the  reattachmem  pram 
(located  at  x/Rs2.6S).  Along  the  cemeriine.  die  axial 
and  radial  turbulence  intensities  peak  near  the 
reattachment  point  and  decay  as  the  wake  develops 
downstream. 

(3)  The  recirculating  flow  is  generally 
characterized  by  small  mean  velocity  gradients  and 
relatively  uniform  turbulence  intensities. 

(4)  The  sqiaiatBd  shear  layer  is  found  to 
contain  steep  radial  velocity  gradients  and  sharp  peaks 
in  turbulence  intensity  in  tte  subsonic  region.  Beyond 
reattachment,  the  sharp  peaks  decay  toward  nearly 
uniform  turbulence  intensities  across  the  redeveloping 
wake. 

(5)  Peak  values  of  turbnlem  kinetic  energy 
and  axial-radial  shear  stress  are  located  in  the  subsonic 
region  of  the  shear  layer  upstream  of  reattachmeoL 
This  is  in  contrast  to  earlier  results  on  compressible 
riiear  layer  reattachment  onto  a  solid  snrfoce  which 
indicate  peak  levels  at  or  downstream  of  the 
reattachment  point  The  production  of  Uirbulent 
kinetic  energy  peaks  immediately  downstream  of 
sqnratirai  along  the  inner  edge  of  the  shear  layer. 
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Abatract 

The  complex  interaction  region  generated  by  the 
separation  of  two  supersomc  streanu  past  a  finite-thickttess 
baK  occurs  vrequently  in  high-speed  flight  and  is  charactehsdc 
of  the  aft-end  flowfleid  of  a  powered  musile.  An  experimental 
investigation  was  conducted  in  which  a  flowfleid  of  this  type 
was  m^led  in  a  two-dimensional  wind  tunneL  The  dau  was 
obtained  using  Schlieien  pbotogrqthy.  pressure  measurements, 
and  two-component  laser  Doppler  velocimeter  (LOV) 
measurements.  The  shear  layer  mixing  regions  were 
characterized  by  initially  constant-pressure  mixing,  by  an 
evolution  of  velocity  profiles  from  truncated  boundary  Layer 
shapes  to  wake-like  proflles  farther  downstream,  and  by 
relatively  high  levels  of  turbulence.  The  separated  flow  region 
was  characterized  by  large  negative  velocities  and  strong 
interactions  with  the  low-velocity  regions  of  both  shear  layers. 
Turbulence  intensities  and  kinematic  Reynolds  stresses  were 
increased  greatly  in  the  latter  ptmons  of  the  two  shear  layers 
and  in  the  recompression  region.  Recovery  of  the  mean 
velocity  field  in  the  redeveloping  wake  occurred  quickly,  while 
the  turbulence  field  remain^  perturbed  to  the  funhest 
streamwise  location. 

Nomcnclgturc 

&Skin  fiicdon  coefficient 
Mach  number 
P  Pressure 

Re  Reynolds  number 

RCg  Reynolds  number  based  on  boundary 

lay«  thickness 

RCg  Reynolds  number  based  on  momentum  thickness 
u  **  U-oomponent  of  the  velocity  vector 
u*  Generalized  velocity  (see  Reference  29) 

iL^  Friction  velocity 

V  V-cotrqronent  of  the  velocity  vector 

X  Gxrtdinate  parallel  to  the  vind  tunnel  floor 
Y  CoOTdinate  perpendicular  to  the  wirxl  ttmnel  floor 
Wall-wake  coonlituue,  Y^  » 

Z  Spanwise  coordiiute 

5  Boundary  layer  diickness 

5*  Boundary  layer  displacement  thickness 

6  Boundary  layer  momentum  thickness 

X  Wavelength  of  laser  li^t 

V  Kinematic  viscosity 

n  Wake  strength  parameter 

1  Shear  stress 

<  >  Root-mean-square  quantity 
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Subscrims 

e  Edge  cooditioa 

J  Inner  jra  or  lower  stream  cooditian 

w  Cmd&on  at  the  wall 

0  Location  whoe  zero  velocity  occurs 

0.S  Location  where  uAi.  >  0.5 
0.99  Location  where  0.99 

1  fimwiitinn  for  the  huch  2.56  stream 

2  Condition  for  the  Mach  2.05  stream 

M  Inflnity  or  fieesiream  conditions 

SupcncriBB 

Ensemble  average 
Fluctuation  fitxn  the  mean  value 

Introduction 

The  complex  interaction  region  generated  by  the 
separation  of  two  supersonic  streatns  past  a  finite-thickness 
b^  occurs  flcquently  in  high-speed  fli^t  and  is  characteristic 
of  the  aft-end  flowfleid  of  a  powered  nnssile  in  the  si^ersonic 
flight  regime.  This  fluid  dynamic  flowfleid  exists  in  other 
applications  as  well,  including  the  flow  region  at  the  trailing 
edge  of  a  blunt  airfoil  in  a  supersonic  fleestream  or  the  initial 
mixing  region  of  confluent  multiple  streams  in  a  supersonic 
cmnbustor.  In  each  of  these  cases  the  near-wake  region  is 
dominated  by  strong  velocity  and  density  gradients,  energetic 
viscous  interactions,  and  expulsion  and  compression  processes 
coveting  the  full  range  of  gu  dynamic  regimu. 

Research  (ROgrams  through  the  years  have  attempted  to 
develop  analytiol,  numerical,  and  experimental  insight  into  the 
fluid  dynamic  processes  ongoing  in  the  nev-wake  region.  The 
usual  motivating  goal  is  the  development  of  a  pn^ictive 
cap^ility  for  base  pressure  and  other  flowfleid  prop^es  over 
a  wide  range  of  flight  regimes.  The  analj^  devek^  a  physical 
flow  model  of  the  strong  dissipative  regions  of  the  neu-wakc, 
including  interaction  with  the  adjacent  inviscid  regions,  and 
anempt  to  find  applicability  for  a  variety  of  Mach  number, 
Reynolds  number,  and  afterbody  georoe^  conditims.  The 
dominant  analytioti  approach  has  been  the  Chapman-Korst 
cooqionent  mo^l  [1-4]  in  which  the  turbulent  base  flowfleid  is 
separated  into  distinct  regions  and  each  part  is  analyzed 
in^vidually,  subjea  to  appropriate  assumptions  and  boundary 
conditions.  The  expansion  process  u  the  geometric  comer,  the 
shev  layer  mixing  process,  and  the  recompression  and 
redevelopment  processes  (see  Figure  1)  are  each  analyzed  as 
separate  components,  utilizing  empirical  formulations  as 
needed.  The  individual  components  are  then  joined  together 
into  an  overall  model  of  the  separated  flowfleid,  allowing  for 
interaction  between  each  ctHtqronent,  and  a  uiuque  solution  is 
determined. 

With  the  advent  of  more  powerful  computing  facilities 
during  recent  years,  both  thin-layer  and  full  Navier-Stokes 
computations  of  hi^-speed  separated  base  flows  have  been 
performed.  To  date  the  agreement  of  these  coirqtutations  with 
experimental  measurements  of  high-speed  separated  flowflelds 
has  been  only  moderate  [5].  However,  by  focusing  on  the 
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iUMCT  ci  retolution  and  alignmeiu.  u  weU  as  turbulence 
modeling,  iimroved  predictions  of  these  flows  have  leMotly 
been  oboined  (6-10].  The  difficulty  in  accurately  computing 
these  flows  is  understandable  due  to  tlwir  compwuty,  since 
they  include  regions  of  large  flow  property  giadientt  in  thin 
shear  laye^  expanskn  waves,  and  shock  waves,  and  also  due 
to  the  inability  of  the  cunent  generatioo  of  nsfaulenoe  tnodels  so 
adequately  treat  such  effects  as  large  streamline  curvature, 
cotiqtressibility  (i-e..  high  Mach  number  effecu),  shear  layer 
inqtingement,  and  the  cifecu  on  turbulence  of  tte  previously 
mentioiied  large  gradient  regions. 

To  aid  in  the  understanding  of  the  detailed  mechanisms 
of  these  high-speed  flows  both  with  and  without  regions  of 
significant  flow  separation,  a  program  of  small-scale  wind 
tunnel  expoimenu  of  simple  flow  geometries  has  been 
conducted  at  the  University  oi  lUioois  at  Urbana-Champaign. 
Initial  experimental  work  has  examined  in  detail  the  shear  layer 
mixing  process  (11-13]  and  the  reconqaessian  and  reanachment 
processes  [14-17].  The  measurements  presented  in  this  paper 
take  the  next  step  in  this  progression  aiCd  add  the  recirculating 
region  and  the  wake  redevelopment  region  (see  Figure  1)  as 
focuses  of  study  to  obtain  expaimenul  dau  for  a  unffied  two- 
stream  near-wake  flowfleld.  The  present  experimental  program 
has  obtained  measurements  over  the  full  range  of  mechaiusms 
exhibited  in  this  flowfiekl  for  a  well-determined  set  of  incoming 
flow  conditions.  The  data  for  these  experiments  are  obtained 
from  SchUeren  photography,  sidewall  (msure  measurements, 
and  laser  Doppler  veiocimeter  (LDV)  measurements.  The  use 
of  a  two-color,  two-component,  fr^uency  shifted  LDV  to 
measure  instantaneous  flow  velocity,  despite  its  added 
complexity,  has  certain  special  advantages  in  the  near-wake 
separated  flowfleld.  Most  past  near-wake  interaction 
experiments,  e.g.  References  18  through  20,  have  focused  on 
mean  velocity  values  obtained  from  pressure  distribution  data 
gathered  by  intrusion  into  the  near-wake,  usually  with  a  single 
pressure  probe  or  a  probe  rake.  The  LDV  measurements  of  die 
current  investigation  provide  accurate  instantaneous  velocity 
dau  obtained  in  a  nonintrusive  way  by  an  instrument  requiring 
no  prior  calibratioa. 

The  primary  objective  of  this  experimental  invesdgatian 
of  the  supersonic,  two-stream  base  flow  is  to  investigate  the 
fundamental  fluid  dynamic  mechanisms  existing  in  the  near¬ 
wake  flowfleld  with  an  aim  toward  better  undersiuiding  of  each 
individual  process  and  how  they  interact.  Detailed  dau  have 
been  collected  in  all  regions  of  the  near-wake  flowfleld  in  order 
to  examine  such  features  as  changes  in  velocity  proflles  due  to 
the  comer  expansion  process,  evolution  of  the  vdocity  profiles 
during  shear  layer  mixing,  strength  and  influence  of  the 
recirculating  region,  and  mean  and  turbulent  flowfleld  changes 
during  the  tecompression,  reatuchment,  and  downstream  wake 
redevelopment  processes. 

Experimental  Facilities  and  Measurement  Techniques 
Facilities 

This  investigation  of  the  near-wake  interaction  utilized 
the  air  supply  and  wind  tunnel  facilities  of  tbe  Mechanical 
Engineering  Laborau^  at  the  University  of  Dlioois  at  Urbatu- 
Qiampaign  fot  a  series  of  dry,  cold  air  experittKnu.  A  two- 
dimensional  wind  tunnd  test  section,  shown  schematically  in 
Figure  1,  produced  two  uniform  supersonic  streams  which 
separated  at  the  geometric  corners  of  a  finite-thickness  flitter 
plate  and  formed  a  flowfleld  characteristic  of  tbe  aft-end  of  a 
powered  missile,  including  expansion  at  the  separation  points, 
fomution  of  a  recirculating  region  bounded  by  two  shear  layer 
mixing  regions,  recompression  and  reatuchment  of  the  shear 
layers,  and  downstream  wake  redevelopment 

The  common  upstream  plenum  chamber  provided 
compressed  air  at  517  kPa  to  two  separate  pipe-a^- valve 


arrangements  nqipiyieg  die  two  ooaveiging-divergiitg  o^Trij-t 
These  nodes  usd  the  tpbaa  plate  at  a  half-aodc  symmetiy 
plane.  The  upper  stream  nozzle  produced  a  unifonn  exit  plane 
flow  S0.8  mm  in  height,  havin|  a  Mach  number  of  2J6,  and  a 
splitter  plate  boundary  layer  thickneas  of  3.3S  imn.  The  lower 
stream  nozzle  was  shoner  in  length  and  produced  a  uniftns  exit 
plane  flow  25.4  mm  in  height,  having  a  Mach  nmwtwr  of  2.0S, 
and  a  splitter  plate  boundary  layer  thickness  oi  1.^  mm. 
These  two  supigsonic  streams  smarated  past  tbe  2S.4  mm 
finite-thickneas  base  and  producu  the  near-wake  interaction 
flowfleld.  The  test  section  region  was  50.8  mm  wide  and 
101.6  mm  in  height  and  was  within  view  of  clear  glass 
windows  on  both  tides  of  the  wind  tunnel  for  optical  diagiKMtic 
access.  All  features  of  the  near-wake  flowfleld,  induding  wake 
redevelopment,  occurred  within  the  measurement  domain 
before  the  mixed  flow  exited  the  test  section  tfaiough  a  constant- 
area  diff  user. 

Meaxurement  T>fhnioue!i 

The  measuretnent  techniques  employed  in  this 
investigation  included  Schlieieo  phmgraphy,  stagnation  and 
static  pressure  measurements,  and  later  Doppler  velocimetry. 
Schlieren  photographs  obtained  with  a  1.4  microsecond  spaA 
source  were  used  to  chancierize  the  qualitative  features  of  the 
overall  flowfleld  and  to  deternune  spatial  locations  for  LDV 
measurements.  The  sidewall  static  pressure  dau  war  collected 
using  an  aluminum  window  insert  which  replaced  one  of  the 
glass  side  windows  and  had  a  grid  of  370  pressure  taps.  The 
pressure  levels  were  measur^  with  a  Pressure  Systems 
Incorporated  (PSI)  digital  pressure  transmitter  system  and 
^eld^  pressure  measuremenu  in  all  regions  of  tbe  near-wake 
interaction  including  along  the  shear  layer  mixing  regions. 

The  two-cooqxxient.  two-color  LDV  system  was  based 
on  Thermal  Systems  Incorporated  (TSI)  optical  and  electronic 
components  and  employed  a  Spectra-Physics  5-wan  argon  ion 
laser.  The  necn  beam  (lusSl  4.5  nm )  and  the  most  powerful 
blue  beam  (A;=488.0  nm)  were  used  in  tbe  beam  splitting  and 
recombination  processes  which  produced  the  ellipsoidal 
measurement  volumes.  The  use  ^  a  350  mm  focal  length 
transmitting  lens  with  22  mm  beam  spacing  produced  a  green 
measurement  volume  of  0.183  mm  diameter,  6.08  mm  length, 
with  8.53  lUD  fringe  spacing.  The  blue  measurement  volume 
diameter,  length,  and  fringe  spacing  were  0.179  mm, 
5.92  mm,  and  1.09 respectively.  These  fringe  sidings, 
in  combination  with  the  40  MHz  frequency  shift  and 
orienution  of  the  fringes  at  ±45°  to  the  mean  flow  direction, 
kept  signal  frequencies  within  range  of  the  electronic  equipment 
while  moving  the  fringes  at  a  hi^  enough  velocity  to  reduce 
fringe  bias  probabilities  and  eliminate  duectional  ambiguity. 
TSI  frequency  counters,  operated  in  the  sin^e-mcasurement- 
per-buist  mode  with  high-  and  low-pass  filtering,  were  used  to 
determine  the  Doppler  shift  frequencies  of  the  signals  frexn  the 
photodetectors  and  to  perform  validation  checks  to  remove 
erroneous  data.  The  receiving  optics  of  the  LDV  system  were 
oriented  in  a  forward  scatter  mo^  10  degrees  from  the  t^tical 
axis  in  order  to  reduce  the  effective  leng^  of  the  measurement 
volume  to  1.46  mm  and  to  provide  optimum  signal-to-noise 
ratio  of  tbe  scattered  laser  light  The  output  from  the  LDV 
system's  frequency  counters  was  stored  in  the  memory  of  a 
DEC  PDP  1  lf73  miiuconqmter  by  means  of  a  direct  memory 
access  board,  and  the  data  was  transferred  serially  to  an  HP- 
90(X)  computer  system  for  reduction,  analysis,  and  plotting. 
The  laser,  transmitting  optics,  and  collection  optics  were 
mounted  on  a  traversing  table  which  allowed  movement  in  all 
three  coordinate  directions  with  an  accuracy  of  approximately 
±0.1  mm. 

Seeding  of  the  flow  for  the  LDV  measurements  was 
accon^lished  by  injecting  50  cP  silicone  oil  droplets  produced 
by  a  TSI  six-jet  atomizer  into  the  stagnation  chamber.  To 
address  the  issues  of  particle  size  and  flow-following  ability 


(Le.,  panicle  dynamics  effects),  a  series  panicle  lag 
experimenB  was  conducted  whereby  LDV  measuremeats  were 
wade  acroas  an  <d>lique  shock  wave  produced  by  a  IS* 
compression  oocner  in  a  Mach  2.0  wind  tunneL  Usii^  these 
measurements,  logether  with  a  panicle  relaxation  analysis  baaed 
on  the  walk  of  Maxwell  and  Seashohz  [21]  and  the  drag  law  of 
Walsh  [22],  the  silicone  oil  dropto  us^  in  these  experiments 
are  estimated  to  be  1.0  |im  in  diameter.  Droplett  of  this  sixe 
have  an  Eulerian  frame  frequency  response  ^  up  to 
approximately  200  kHz  which  is  adequate  for  following  the 
nnbulem  fluctuatiaas  of  the  current  near-wake  flowfreld. 

The  use  of  counter-type  signal  processors  to  measure 
individual  velocity  realizations  introduces  additional 
considerations,  especUUy  in  high-speed  flows,  due  to  counter 
clock  restdutiaa,  statistical  uncertainty,  velocity  bias,  fringe 
bias,  and  spatial  resolutioa.  The  ±1  nanosecond  accuracy  of 
the  counters  results  in  a  minimum  measurable  turbulence 
intensity  in  the  highest  meed  Ttg^tm  of  the  flow  of  1.37%, 
with  proportionately  smaller  values  in  the  lower  speed  regk^ 
In  order  to  control  the  uncertainty  due  to  finite  sample  six:, 
either  2048  or  4096  velocity  realizaooos  were  generally 
collected  throughout  the  flowfield.  At  a  confidence  level  of 
93%,  the  resulting  statistical  uncertainty  in  the  mean  velocity  is 
therefore  a  maximum  of  13%  for  turbulence  intensities  lets  t^ 
about  100%,  artd  the  sutistical  uncertainty  in  the  standard 
deviation  is  a  maximum  of  approximately  ±3.1%.  For  the 
current  low  data  density  measurenKnts,  the  seed  particles 
generated  valid  Doppler  signals  at  a  rate  several  orden  of 
magnitude  lower  than  the  ciqrability  of  the  pro  essors  to 
sample,  resulting  in  a  free  rutming  picoessor  oonditiun  in  which 
the  LDV  dtua  is  totally  velocity  biased  [13].  In  order  to  correct 
for  this  condition,  a  two-dimensionaJ  inverse  velocity 
magnitude  weighting  scheme  [23]  has  been  enqrloyed  As 
previously  mentioned,  the  relatively  large  fringe  gracing,  use  of 
the  40  MHz  frequency  shift,  and  the  ±45*  orienudon  of  the 
fringes  to  the  mean  flow  direction,  j^tly  reduced  the 
possibility  of  fringe  bias  in  these  experiments.  !?>  fact,  an 
implemenudon  of  the  fringe  bias  analysis  of  Buchhave  [24] 
demonstrated  that  for  the  vast  majtnity  of  the  measurements  the 
fringe  bias  correcdon  was  less  than  3%  and.  as  a  result,  no 
such  correcdon  has  been  used  in  the  measurements  presented 
here.  Spadal  resolution  errors  can  occur  in  high  gradient 
tenons  of  the  flow  due  to  the  finite  size  of  the  pr^  volume. 
Using  the  analysis  of  Karpuk  and  Tiederman  [23],  the 
maximum  spadal  resolution  error  at  the  location  3  mm 
downstream  from  the  base  is  estimated  to  be  ±2.8%  for  the 
mean  velocity  and  ±4.8%  for  the  turbulence  intensity,  with 
much  smaller  errors  in  the  downstream  regions  of  the  near- 
wake  flow. 

Further  details  concerning  the  equipment  and  apparatus, 
measurement  methods,  and  experimental  procedures  may  be 
found  in  Reference  26. 

Experimental  Results  nnd  Dwcussion 

iHg-Pimcnsiapality  of  the  FloffTicM 

Past  worir  [11,  27,  28]  has  indicated  the  tendency  for 
existence  of  spanwise  ixxiunifonnity  in  flowfields  charactoized 
by  Imge  embedded  separation  regions  lead!  to  reattachment 
To  examine  these  effects  in  the  present  flowfield,  transverse 
profiles  of  velocity  were  obtained  at  three  spanwise  locations: 
at  the  midplane  (Zi=C)  and  at  2>±10  mm  frtxn  the  midplane.  In 
addition,  these  profiles  were  obtained  at  three  streamwise 
locations  chosen  to  examine  distinedy  different  regions  of  the 
near-wake:  X«25  mm  where  separate  shear  layers  and 
recirculation  were  present  Xait3  mm  in  the  recompression  arxl 
reattachment  region,  and  X=100  mm  in  the  redevek^ing  wake. 
The  streamwise  mean  velocity  and  turbulence  intensity  dau 
show  that  the  central  40%  of  the  test  section  flowfield  was 
highly  two-dimensional  in  all  regions  with  the  largest  deviations 


occurring  in  the  lecirculiiing  region.  Once  impingemeat  of  the 
two  shear  laycn  occurred,  the  LDV  data  mdiratr  very  lini> 
deviation  fioin  two-dimensioiialire  at  any  transverse  inrarirw 
Although  regions  of  slight  tfaree-tmneasioaality  do  «««,  they 
seem  charaaeiistic  of  the  fluid  dynamic  processes  ongoing  in 
those  components  of  the  near-wake  and  are  not  due  lo  &  wind 
nmnel  design  or  sidewall  boundary  layen. 

Turbulent  BMindarr  Lavers 

The  turbulent  boundary  laym  characteristics  of  the  two 
supersonic  streams  provide  the  initial  conditions  for  the 
exparuion,  mixing,  recompression.  and  redevelopment 
processes  which  occur  in  the  near-wake.  Detailed  LDV 
measurements  were  made  of  the  boundary  layers  which 
developed  on  the  upper  and  lower  surfaces  of  the  ^liner  plate 
at  a  location  4  mm  before  geometric  separation.  Two- 
component  measuremena  were  made  to  a  disance  of  0.73  mm 
from  either  surface  and  then  oac-component  measurements 
conqileted  the  survey  to  a  distance  within  0.25  mm  above 
either  surface.  The  measured  velocity  profiles  far  the  upper  and 
lower  bound^  layers  were  fit  to  the  generalized  velocity 
profile  equation  of  Sun  and  Childs  [29]  using  the  boundary 
layer  thickneu,  6.  the  friction  vel^^,  U{,  and  the  wake 
strength  parameter,  n.  as  curve  fit  coefiicients.  The  inqiortant 
parameters  describing  the  growth  and  developmem  of  the  two 
bouncUiy  layers  prior  to  separation  are  presented  in  Table  1. 
The  difieiences  in  thicknesses  between  the  Mach  2.36  stream 
(5>3.35  mm)  and  the  Mach  2.03  stream  (5>1.46  mm)  were 
generated  intentionally  to  the  ratio  of  boundary  layer 

thicknesses  typical  to  powe^  missile  applications.  The 
strength  parameter,  friction  velocity,  and  skin  friction 
coefficient  values  are  consistent  with  earlier  studies  [11, 14. 27, 
30. 31]  of  compressible  turbukat  boundary  layers. 

The  measured  mean  velocity  profiles  for  the  Mach  2.36 
and  Mach  2.03  boundary  layers  are  presented  in  Figure  2  in 
wall-wake  coordinates  together  with  the  least  squares  curve  fiu 
generated  from  the  Sun  and  CbUds  [29]  analysis.  These  data 
indicate  relatively  similar  profiles  for  both  boundary  layers 
despite  considerably  different  upstream  ’histories*  of  their 
growth  and  development.  The  relatively  small  thickness  of 
each  boundary  layCT  is  illustrated  by  the  1^  of  LDV  data  (due 
to  spatial  resolution  resnrictions)  below  a  value  of  of 
qtproximately  100  (Y/S  of  approximately  0.08).  Measurements 
of  the  streamwise  turbulence  intensity  a^  kinematic  Reynolds 
stress  for  these  two  boundary  layers  have  also  been  compared 
to  similar  mezsuremena  of  other  workers  obtained  by  both 
LDV  [11,  14,  27.  32]  and  hot-wire  anemometry  [33,  34j.  In 
generaL  the  agreement  among  these  various  tuibulrat  boundary 
layer  measuremenu  is  very  good.  Small  discrepancies  that 
occur  between  the  LDV  data  and  the  hot-wire  data  are  likely  due 
to  LDV  counter  clock  resolution  problems  in  the  outer,  high- 
spe^  regions  of  the  boundary  layer,  and  due  to  inaccuracies  in 
calibration  of  the  hot-wires  near  and  below  the  sonic  line  in  the 
inner,  low-qieed  regions  of  the  boundary  layer. 

Global  Nexr-Wakf  Interaction  Flowfield 

Schlieren  photography  has  been  used  to  obtain  a 
qualitative  view  of  the  component  processes  existing  in  the 
near-wake  interaction.  The  Schlieren  phou^paph  of  Figure  3 
shows  well-developed  qilitter  plate  boundary  Uyers  undergmng 
strong  expansion  and  turning  processes  at  geonKtric  separation. 
The  two  free  shear  layers  generated  at  separation  appear  to  be 
initially  very  thin  and  to  undergo  a  moderately  long  cmistant 
pressure  mixing  region  befexe  tlrey  show  any  signs  of  curvature 
associated  with  the  recompression  process  prior  to 
impingemenL  The  beginning  of  the  recompression  pimss  for 
each  shear  layer  is  marked  by  the  first  compression  waves 
which  emanate  from  the  sli^tly  supersonic  regms  of  the  shear 
layer  and  eventually  coalesce  into  the  recompression  oblique 
shock  wave.  One  of  the  more  interesting  features  in  this 
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phoiogF^ih  is  the  ippsrent  Isrie-icak  tuibukot  ttnictures 
which  bcnier  the  cd(M  of  dMi  itdevdcnment  COR  produced  by 
the  iio|wi|eiaeat  of  the  two  tee  sheer  layers.  These  snuctures 
are  sumlar  to  those  that  occur  in  high  Reynott  number  tee  jett 
and  have  so  etect  oo  the  turbuleoce  intensities  nmsured  in  die 
icdeveloping  wake.  Similaiiy,  each  shear  layer  shows  sigiu  of 
large-ac^  sauctures  and  intenmaeacy  at  its  edges,  especially 
00  the  side  bounded  by  the  lediculaiing  region. 

The  amngement  of  sidewall  static  pressure  tap  locatioQs 
was  designed  to  obtain  detailed  jnessuic  surveys  of  the 
expansion  process,  mixing  layers,  and  reconmression  and 
redevek^miw  processes.  The  thiee-dimensional  contour  plot 
of  Figure  4  shows  the  static  preuure  dau  viewed  by  an 
observer  located  upstream  at  the  base  and  looking  in  the 
streamwise  direction.  Although  no  detailed  vertical  scale  is 
given  for  the  levels  of  static  piessute,  a  relative  indication  of  the 
pressure  magnitude  can  be  obtainnl  by  recognizing  that  the 
irmimiim  static  piessuic  in  the  figure  is  66.9 1^  and  occurs  at 
the  exit  of  the  Mach  2.05  nozzle,  while  the  minimum  static 
pressure  of  12.2  kPa  occurs  in  the  highly  expanded  flow 
region  downstream  of  the  Mach  2.0S  no^e  and  just  upstream 
of  the  lower  reccmipression  shock  wave.  In  a  quantitative  sense 
the  plot  of  Figure  4  shows  the  strong  expansion  of  the  two 
supersonic  streams  to  the  low  pressure  "valley*  immediately 
behind  the  flnite-thickness  base,  the  initially  constant  pressure 
mixing  of  the  two  shear  layers,  and  the  gradual  but  strong 
pressure  rise  through  the  recompression  and  reattachment 
regions  extending  into  the  downstream  wake  redevelopment 
region. 

The  series  of  LDV  dau  presented  in  this  section  is 
intended  to  give  an  overv .  “  /  of  the  mechanisms  existing  in  the 
near-wakc  interaction,  including  a  detailed  indication  of  the 
mean  flow  and  some  turbulence  quantities.  The  objective  of 
this  overview  is  to  show  representative  data  highlighting  the 
dramatic  changes  in  mean  velocity  and  turbulence  quantities  in 
the  region  immediately  behind  the  splitter  plate  and  in  the  initial 
suges  of  recompression  and  reattachment  The  LDV  dau 
presented  in  this  section  include  the  "reference"  upstream 
boundary  layer  traverses,  every  other  vertical  traverse  from 
3.0  mm  behind  the  splitter  plate  to  40.0  mm  downstream,  and 
then  every  measured  traverse  from  X » 40.0  mm  to 
X  =  53.0  mm.  The  omission  of  sotne  LDV  traverses  from 
the  figures  discussed  in  this  section  was  necessary  to  reduce 
plot  congestion.  In  this  section,  all  of  the  instantaneous 
velocity  dm  obtained  with  the  LDV  system  have  been  routed  to 
a  coordinate  system  which  aligns  the  u-component  direction 
paraUel  to  the  wind  tunnel  Qoot  (primary  streamwise  direction) 
and  the  v<oinponent  direction  popendicular  to  the  wind  tunnel 
floor. 

The  mean  velocity  profiles  obtained  from  the  LDV 
insuntaneous  dau  are  shown  in  vector  represenuuon  in 
Figure  5.  The  veaor  field  plot  clearly  shows  the  qiproach  and 
separation  of  the  two  turbulent  boundary  layers  from  the  upper 
and  lower  surfaces  of  the  spUttcr  plate,  with  the  resulting  Ivge 
separated  flow  region.  The  shear  layer  mixing  regioiu  spread 
with  streamwise  distance  until  impingement  occurs 
approximately  1.4  base  heights  downstream  of  separation  (at 
X  z  34.9  mm),  where  the  recirculating  region  ends  (no 
negative  streamwise  velocity  coti^nenu  are  measured)  and 
recovery  of  the  wake  deficit  begins.  The  turbulent  mixing 
which  occurs  throughout  the  recompression  and  reattachment 
regions  quickly  eflects  elimination  of  the  velocity  defleit  by 
approximately  5  base  heighu  downstream  of  separation, 
although  only  pan  of  this  process  can  be  seen  in  Figure  5. 

Examining  Figure  5  in  detail,  the  dau  show  that  the 
upper  Mach  2.56  flow  has  a  freestream  velocity  of 
584.13  m/sec  before  separation  and  expands  sharply 
downward  around  the  comer  of  the  base  to  a  flow  angle  of 
approximately  -10.6  degrees.  The  lower  Mach  2.05 


teestr^  moves  at  a  velocity  of  523.85  nr/sec  befme 
separation  and  then  expands  upward  about  the  Srlitter  plate 
corner  at  an  angle  of  approximately  21.6  degrees.  Both 
turbulent  boundary  layers  are  fully  developed  and  expand  upon 
^omctric  leparatioo  to  a  matched  base  pressure  at  13.8  kPa 
which  existt  in  the  recirculating  region.  The  mean  velocity 
vectors  shosvn  in  Figure  5  illusmte  the  coiqilex  nature  of 
separation  past  a  relatively  thick  base,  and  indicate  differenoes 
from  the  tyx  of  wake  d^eloped  behind  a  very  thin  splitter 
pUte  [35, 361. 

The  vector  rqnesenution  of  the  recirculating  region  in 
Figure  5  indicates  the  existence  of  two  large  separation 
bubbles.  The  upper  separation  bubble  routes  clockwise  while 
the  lower  bubble  rotates  counterclockwise,  and  relatively  large 
velocity  magnihides  exist  in  this  region.  Histofically  praed  by 
Karst  [3]  as  a  "dead-air*  regioo,  the  recirculating  region  of  tlK 
near-waire  in  the  present  investigation  had  a  ma«immn  negative 
velocity  of  132.01  m/sec  at  die  X  «  22.5  mm  streamwise 
location.  This  maximum  negative  velocity  nugnitude  of 
0.23  U]  is  very  consistent  with  the  resulu  of  Petrie  [11], 
Satnimy  [14],  Etheridge  and  Kemp  [37],  and  Delery  [38]  in  dK 
entire  range  of  Mach  numbers. 

The  streamwise  mean  velocity  profiles,  nondimen- 
sionalized  by  the  edge  velocity  of  the  M^h  2.56  stream  prim 
to  separation,  are  shown  in  Figure  6.  The  dashed  line  at  each 
X  value  represents  the  streamwise  location  of  the  traverse  and 
the  u/u  s  0  plane  for  that  set  of  data.  The  upstream  boundary 
layer  profiles  represent  a  typical  range  of  u/u  beginning  at  a 
value  of  1.0  in  the  Mach  2.56  stream  arid  0.90  in  the 
Mach  2.05  stream  (uyu,  0.9)  and  decreasing  to  zero  on  the 
two  surfaces  of  the  spiitier  plate.  This  series  of  jm^Jes  once 
again  indicates  the  large  negative  velocities  occurring  in  the 
recirculating  region  and  the  recovery  of  the  velocity  defea  with 
downstream  distance.  The  fine  transverse  resolution  of  the 
LDV  measurement  locations  yields  u-component  dau  which 
show  the  spreading  of  the  velocity  profiles  in  each  of  the  shear 
layers  from  a  very  sharp  gradient  at  the  X  <=  5.0  mm  location 
to  a  much  broader  velocity  change  at  the  streamwise  sutions 
near  recompression  and  reatuchment  The  rapid  recovery  of 
the  mean  velocity  defect  is  consistent  with  the  dau  of  Samimy 
and  Addy  [17]  for  a  similar  two-stream  near-wake  interaction 
between  Mach  2.07  and  Mach  1.50  streams. 

The  turbulence  field,  represented  in  part  by  the 
streamwise  turbulence  intensity  profiles  of  Figure  7, 
demonstrates  strong  enhancement  of  mixing  due  to  the 
interaction  at  the  base.  The  counter  clock  resolution  problem 
with  the  LDV  system  is  illustrated  in  the  edge  values  of  <u'>^ 
of  ^proximately  2  percent  in  the  nvo  relatively  high-velocity 
isentropic  core  flows.  The  striking  feature  of  Figi::c  7, 
however,  is  the  relatively  high  levels  of  streamwise  turbulence 
intensity  reaching  nearly  30  percent  in  the  latter  streamwise 
sutions  in  the  mixing  layers  and  in  the  recompression  and 
reattachme.it  regions.  Despite  similarines  in  the  form  of  the 
turbulence  intensity  profiles  across  either  shear  layer  to  those 
found  by  Andreopoulos  and  Bradshaw  [39]  in  an 
incompressible  shear  layer  behind  a  flat  plate  and  by  Ikawa  and 
Kubou  [40]  in  a  supersonic  tee  shev  layer,  the  levels  of 
<u'>/u,  are  dramatically  higher  in  the  present  investigation. 
While  Sanumy  and  Addy's  [IT]  streamwise  turbulence  intensity 
levels  were  slightly  lower  than  those  shown  in  Figure  7,  the 
trends  are  similar  and  indicate  strong  shear  layer  mixing  and  the 
highly  turbulent  nature  of  the  rcatudiment  process. 

The  transverse  turbulence  intensity  profiles  shown  in 
Figure  8  similarly  reflea  the  strong  mixing  near  recompression 
and  the  disturbed  nature  of  Uie  turbulence  field  even 
downstream  to  the  last  traverse  location  shown.  Figure  8,  now 
scaled  for  a  ina«imiim  <v'>/u.  value  of  20  pment,  shows  the 
moderately  low  levek  of  transverse  turbulence  intensity  existing 
in  both  of  the  upstream  boundary  layers  in  contrast  to  the  high 
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kvtb  of  <v^.  oocumng  in  the  shear  Uytn.  Themnsverae 
turbokiioe  uueasity  appears  lo  spread  more  broadly  across  the 
transverse  hei|ht  of  the  intenctiaa  region  than  the  streamwiae 
turfaiiknce  intensity  does  and  is  similar  lo  results  obtained  by 
Kuntz  [27]  for  a  Mach  2.94  shock-wave/boundary-layer 
inienctiao  fkm'field. 

The  turbulence  intensity  ratio  or  anisotropy  ratio, 
<u'>^'>,  is  a  measure  of  the  type  of  turbukace  field  existing 
in  the  near-wake  interaction.  In  an  isotropic  turbulence  field, 
where  the  streamwiae  and  tnnsvene  turbulence  intensities  vary 
in  equal  amounts,  <u'>/<v'>  is  equal  to  unity  everywhere. 
Thus  the  profiles  shown  in  Rgure  9  give  an  indicadoo  of  the 
anisotropic  nature  of  the  near-wake  intenctiaa  flowfield,  and 
where  enhancement  of  the  turbulence  structure  occurs.  The 
strong  anisotropy  existing  in  the  lower  portions  of  the  splitter 
plate  boundary  layers  is  seen  to  be  redistributed  by  the  corner 
expansion  process  reducing  the  ndo  from  a  value  of 
approximately  4  to  less  than  3.  These  levels  of  anisotrc^y  are 
consistent  with  the  mixing/reanachment  studies  of  Petrie  (1 1] 
and  Samimy  (14],  and  the  shock-wave/boundary-layer 
interaction  studies  of  Kuna  [27]  and  Ardonceau  [41]  in 
supersonic  flowfields. 

The  daa  for  the  kinematic  Reynolds  stress  portion  of 
the  turbulent  shear  stress  for  the  near-wake  interaction  region 
are  nondimensionalized  by  the  square  of  the  Mach  2.56  ^ge 
velocity  and  plotted  in  Figure  10.  Initially  low  levels  of 
Reynolds  stress  in  the  splitter  plate  bounda^  layers  rise  to 
relatively  high  levels  immediately  downstream  of  separation, 
persist  throughout  the  mixing  layer  development,  and  teach 
maximum  values  in  the  recompression  and  reattachment 
regions.  The  Reynolds  stresses  then  tend  to  decrease  sharply 
afia  leattachment,  very  similar  to  the  trends  of  incompressible 
reattachment  as  shown  by  the  dau  of  Chandrsuda  and 
Bradshaw  (42] .  The  lower  Mach  2.05  stream's  mixing  layer 
appeals  to  be  more  highly  turbulent  than  the  Mach  2.56  stream, 
and  as  suggested  by  Samimy  and  Addy  (17]  may  be  the  result 
of  a  stronger  separation  and  expansion  process,  or  may  be  the 
consequence  of  a  lower  convective  Mach  number  [36].  The 
decrease  in  Reynolds  stress  just  downstream  of  reattachment 
has  been  explauied  by  restriction  of  the  larger  eddies  (42}  and 
by  bifurcation  of  the  turbulent  eddies  at  reattachment  [43, 44] 
resulting  in  much  smaller  length  scales  and  lower  Reynolds 
stresses. 

Shear  Laver  Mixing  Regions 

The  primary  analysis  in  the  Korst  model  [2-4]  of  the 
near-wake  interaction  flowfield  is  the  prediction  of  the 
development  and  evolubon  of  velocity  profiles  in  the  mixing 
region  formed  when  the  turbulent  toundary  layer  flow 
separates  past  the  base.  In  general,  the  shear  layer  mixing 
region  is  characterized  by  relabvely  large  velocity  gradients, 
strong  entrainment  rates,  and  an  evolubon  of  velocity  profile 
shapes  from  those  resembling  truncated  boundary  layer  profiles 
to  more  wake-like  distiibubons  further  downstream.  In  the 
linubng  case  where  the  upstream  boundary  layer  thickness  is 
zero,  the  velocity  distributions  across  the  width  of  the  shear 
layer  mixing  region  exhibit  the  shape  of  an  error  funcbon 
profile. 

The  qualitabve  features  of  the  shear  layere  ptt^uced  in 
the  near-wake  of  the  finite-thickness  base  are  identified  and 
explained  using  the  Schlieren  photograph  of  Figure  3.  As 
detailed  earlier,  the  shear  layers  are  fnoduced  when  the  two 
turbulent  boundary  layers  generated  on  the  splitter  plate 
surfaces  adjacent  to  the  Mach  2.56  and  Mach  2.05  streams 
undergo  geometric  separabon  at  their  respecbve  corners  of  the 
base.  The  3.35  mm  thick  turbulent  boundary  layer  for  the 
Mach  2.56  stream  (sec  Table  1  for  subsbcs  of  both  turbulent 
boundary  layers)  separates  from  the  base  and  expands  about  the 
comer  to  produce  a  free  shear  layer  turned  downward  at 


ipproximaiely  10.6  degrees.  Similariy,  the  turbulent  boundary 
layer  on  the  surface  of  the  qilitter  plate  adjacent  to  the 
Mach  ZOS  stream  undergoes  iqratatiao  at  the  tNKK  comer  and 
after  the  expansion  process  is  turned  upvreid  at  approximately 
21.6  degrees.  The  turning  and  expansion  processes  for  the 
two  streams  adjust  their  nozzle  exit  plaiw  static  pressure  and 
Mach  number  to  levels  consistent  aath  the  13.8  ^  pressure 
level  existing  in  the  recirculating  flow  regioa.  As  a 
consequence,  the  initial  "edge*  Mach  number  for  both  mixing 
layers  is  approximaielv  3.(tt.  consistent  with  Prandtl-Meyer 
expansiao  predicbotu  for  two  streams  otigiiuuing  from  neariy 
dK  saitte  stagnabon  oonditioiu  and  expan^g  to  the  idenbod 
stabc  pressure  level 

The  detailed  view  provi^  in  Figure  3  of  the  two  shear 
layers  illustrates  features  consistent  with  earlier  findings  for 
supersonic  nuxing  layers  and  worthy  of  greater  attenbon.  In 
paibcular,  large-^e  turbulent  structures  appw  at  the  high- 
velocity  edges  ofeach  shear  layer  along  their  enbre  length.  The 
Schlieren  photograph  also  illustrates  the  doirbnant  influence  of 
the  separated  flow  region  (and  the  resulting  reverse  flow 
velocibes)  as  the  low-velocity  "inner*  boiuidary  of  each  shear 
la^,  and  the  relabvely  short  lengths  available  for  shear  layer 
mixing  before  the  turning  and  recompiession  of  the  shear  layers 
begin  prior  to  inpingement 

The  velocity  dau  obtained  with  the  LDV  system  was 
analyzed  using  coordinate  roubons  which  aligned  the  u- 
component  dimbon  approximately  along  the  predominant 
dire^on  of  each  shear  layer.  The  streamwise  traverses  from 
immediately  downstream  of  the  base  (X  >  2.5  mm)  to  the  first 
streamwise  traverse  at  which  no  reverse  flow  vectors  occur 
(X  IB  35.0  mm)  are  included  in  this  range  covered  as  the  shear 
layer  mixing  component  of  the  base  region  model.  All  of  the 
dau  for  the  upp^  Mach  2.56  shear  layer  was  comdinate 
rotated  to  a  u-conqmnent  direebon  of  -10.6  degrees  (frtxn  the 
horizontal)  while  the  lower  Mach  2.05  shear  layer  dau  was 
rotated  to  a  u-component  direebon  of  •t-21.6  degree. 

The  profiles  used  for  determination  of  self-similarity  of 
the  mean  and  turbulent  fields  are  shown  in  Figures  1 1  and  12. 
The  optimum  scheme  fm  plotting  of  the  mixing  layer  profiles 
was  found  to  be  a  dimensionless  posibon  parameter  which 
incorporated  the  half-velocity  locabon  and  the  shear  layer 
width.  For  each  streamwise  traverse  the  value  chosen  fm  the 
local  edge  velocity  was  determined  from  the  LDV  dau  by 
finding  tte  locabon  on  the  high-velocity  side  of  each  shear  laj^ 
which  represented  not  just  a  local  plateau  level  of  mean  velocity 
but  also  the  point  where  there  was  a  significanby  increased 
value  of  tuibidence  intensity.  Once  this  edge  velocity  value  was 
selected,  calculabons  were  performed  to  determine  the  Y- 
locabons  where  the  velocity  was  reduced  by  1  percent  and 
50  percent,  and  also  where  zero  u-comi»ncnt  velocity 
occurred.  The  nondimensionalizing  posibon  parameter  was 
then  defined  to  be  (Y  -  Yq  5)/(Yq  99  -  Yq),  and  the  mean 
velocity  and  tutbulence  intensity  in  the  appropriate  u-conqxment 
diiections  were  divided  by  the  local  edge  velraty  value. 

The  dau  in  Figures  1 1  and  12  illustrate  the  results  of 
this  analysis  and  seem  to  confirm  quite  strongly  Birch  and 
Eggere'  [45]  contenbon  that  relabve  similarity  in  the  mean 
velocity  profiles  is  not  by  itself  an  indicabon  of  the  fully 
deyeloped  nature  of  a  shear  layer,  and  the  turbulent  field  may 
sbll  lack  similarity.  The  dau  for  ^  Mach  2.56  shear  layer  are 
plotted  in  Figures  11  and  12  beginning  with  the 
X  >  10.0  mm  traverse  locabon  through  to  the  laa  streamwise 
locabon  where  the  two  shear  layers  ^ipear  to  remain  individual 
enbbes.  The  traverses  at  X  »  2.5  mm,  5.0  mm,  and  7.5  mm 
were  eliminated  from  Figures  1 1  and  12  since  their  profiles 
were  expected  to  be  far  from  self-similanty  and  there  was  less 
plot  cmigesbon  as  a  result 
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The  mean  velocity  prafOes  for  die  Mach  2.36  ahear 
layer  Uluame  relatively  |0^  amilahty  in  the  cenml  regkxis 
d^nte  the  sUghtly  crude  mediod  for  determining  the  edge 
vewd^  (aee  ngure  1 1),  but  relatively  stroa|  deviationt  6cim 
iimilatity  occur  at  both  the  low-velo^  and  high-velocity  edges 
of  the  nuxing  region.  These  deviadoiit  ate  moa  certainly  due 
to  variatioo  of  tte  ledrculatiiig  flow  velocity  which  fonns  the 
low-velodtv*  side  boundary,  while  the  high-velocity  end  data 
is  influenced  by  the  presence  of  the  coalescing  reoonqnssion 
shock  waves  t^  their  effects  upon  the  velocity  latio  with 
streamwise  distance.  The  turbulence  intensity  data  for  the 
Mach  2.36  shear  la^,  shown  in  Rgure  12,  more  clearly 
illustraie  the  non-similarity  of  the  turbulent  field  not  only  by  the 
large  amount  of  scatter  in  the  data  but  by  eshiUting  only  a  mild 
tie^  f(v  increasing  maximum  turbuloioe  intensity  levels  for 
increasing  streamwise  distance.  The  turbulence  intensity  daa 
of  Figure  12  show  slow  progression  towards  the  similarity 
needed  for  so-called  fully  developed  mixing. 

RcCTmBrtMion  and  RcatUdnucnl  Prwtaaw 

Since  the  inidal  development  of  a  comprehensive 
turbulent  base  flow  analysis  by  Korst  [3],  the  recompression 
and  reanachment  processes  in  the  near-wake  inieracnon  have 
often  been  viewed  as  the  most  significant  cooqxments  of  the 
entire  base  flowfield  and  perhaps  the  least  well  understood. 
Despite  large  velocity  gradients  and  turbulence  intensities 
existing  throughout  the  near-wake  region,  peak  levels  of 
turbulence  consistently  occur  in  the  vicinity  of  shear  layer 
recompression  and  reattachment  The  recompression  and 
reanachment  processes  are  the  focus  of  numerous  research 
efforts  still  today,  and  detailed  dau  are  needed. 

The  lecoaqnession  process  begins  as  the  two  free  shear 
layers  reach  the  end  of  constant  pressure  mixing  and  begin  to 
le^just  to  the  downstream  flow  direction  and  pressure  level. 
Each  shear  layer  experiences  increasing  levels  of  sutic 
pressure,  increasing  levels  of  turbulence  intensity,  and  the 
formation  of  multiple  com|>ression  waves  which  cosdesce  into 
the  traditional  single  oblique  shock  wave  associated  with  the 
turning  of  a  supersonic  flow.  Near  the  inqiingement  location  of 
the  two  shear  layers,  consistent  with  the  analysis  of  Korst  [3], 
fluid  elements  which  contain  sufficient  mechanical  energy  to 
overcome  the  recompression  pressure  rise  will  continue 
downstream,  while  those  fluid  elements  below  this  level  of 
mechanical  energy  will  instead  be  turned  back  upstream  and 
become  part  of  the  recirculating  flow  region  behiixl  the  base. 

Several  qualitative  features  of  the  reconqiression  and 
reattachment  processes  are  evident  in  the  Schlieren  photograph 
of  Figure  3.  The  upper  shear  layer  and  the  lower  shear  layer 
begin  gradual  turning  processes  prior  to  impingement  at 
approximately  ]  4  base  heights  downstream  of  separation.  At 
this  location  in  the  flowfield  the  first  of  many  compression 
waves  are  seen  emanating  from  the  low  supersonic  Mach 
number  regions  of  each  shear  layer  and  extenduig  out  into  the 
adjacent  high-velocity  stream.  By  approximately  2.8  base 
heights  downstream  (X  =  70.0  mm),  these  compression 
waves  have  coalesced  into  a  single  oblique  shock  wave  for  each 
stream.  All  of  the  LDV  data  for  the  streamwise  traverses 
presented  for  the  recompression  and  reattachment  processes 
were  collected  with  the  LDV  system's  measurement  volume 
fringe  paueins  set  at  ±  43  degiws  to  the  wind  tunnel  floor. 
The  acquired  data  was  then  routed  45  degrees  to  establish  the 
u-component  dhection  parallel  to  the  wind  tunnel  floor  and  the 
v-component  direction  perpendicular  to  the  wind  tunnel  floor. 

The  streamwise  mean  velocity  profiles,  nondimen- 
sionalized  by  the  exit  plane  velocity  of  the  Mach  2.56  stream, 
are  presented  for  the  recompression  and  reattachment  region  in 
Figure  13.  The  profiles  show  the  vigorous  nature  of  the 
recirculating  flow  region,  with  negative  velocities  in  excess  of 


20  percent  of  u..  and  provide  a  better  indication  of  the  end  erf 
the  recirculatioB  regm  seen  to  occur  by  the  X  *  33.0  mm 
travene  locaiioii.  The  vekx^  profiles  in  the  shear  layers  are 
characterued  by  large  giadirats  in  the  first  few  streamwise 
locations  in  the  recooqiression  region  but  quickly  nnead, 
impinge  upon  one  another,  and  form  profiles  vety  wake-lilDB  in 
nature.  The  streamwise  mean  velo^  jmifiles  of  Rgure  13 
exhibit  a  tendency  for  the  loarer  Mach  number  stream  to 
experience  a  more  npid  rate  td  profile  development  than  the 
higher  Mach  number  stream.. 

The  streamwise  turbulence  intensity  profiles,  <u'>/u  , 
shown  in  Rgure  14,  dramatically  illustrate  die  high  levels  of 
turbulence  which  characterize  tte  recompressioo  process  for 
compressible  flows.  In  incompressible  reanachment 
experimentt  (43.44]  the  maximum  levels  of  streamwise 
turiiulence  inteasiry  remain  below  20  peroem.  Incompressible 
recompression  and  reanachment  processes,  streamwise 
turbulence  intensity  levels  reach  neariy  30  percent  based  on  the 
Mach  2.36  stream's  exit  plane  velocity,  and  are  even  higher 
when  based  on  local  velraty  mi^tudes.  Peak  streamwise 
turbulence  intensity  levels  occur  widiin  the  shear  laycR  near  the 
sonic  lines  and  are  indicative  of  strongly  enhanced  mixing 
which  unifonnly  spreads  the  turbulence  characteristics  in  a 
transverse  sense  by  the  X  >  70.0  mm  streamwise  traverse 
location. 

Redevelonment  of  the  Downstream  Wake  Flow 

The  redeveloping  region  for  the  supersonic  two-stream 
interaction  defines  both  the  pressure  level  and  flow  direction 
which  the  flow  exiting  the  recompression  and  reattachment 
processes  must  adjust  to  and  eventually  match.  ’Hie 
redevelopment  process  can  be  viewed  as  a  straightforward 
adjustment  of  the  severe  pressure  gradient  existing  across  the 
viscous  wake  core  to  a  level  consistent  with  downstream  far- 
field  conditions.  The  redevelt^ment  region,  as  seen  in 
Rgure  3,  is  dominated  by  the  thickening  wake  flow  which 
re^ts  fiom  the  impingement  and  initial  mixing  of  the  two  free 
shear  layers.  This  mixing  wake  flow  appeare  to  have  large 
coherent  structures  which  form  the  boundaries  between  the 
viscous  wake  core  and  the  adjacent  inviscid  flows  and  produce 
a  form  of  inteimittency  at  these  edges. 

The  redevelopment  region  has  been  defined  as 
beginning  at  the  last  streamwise  measurement  location  of  the 
recomptession/reattachment  analysis  (at  X  >  70.0  mm)  and 
continuing  downstream  to  the  last  traverse  location  within  view 
of  the  window  in  the  wind  tunnel  test  section  (at 
X  » 160.0  mm).  All  LDV  data  have  been  rotated  into  a 
coordinate  system  which  aligns  the  u-conqxment  velocity  and 
fluctuations  along  the  X-axis  (wind  tunnel  floor)  and  the  v- 
component  values  along  the  transverse  Y-axis  (perpendicular  to 
the  wind  tunnel  floor). 

The  streamwise  mean  velocity  profiles,  u^. ,  are  plotted 
in  Figure  13  for  the  range  of  the  tedevelopmrat  region,  where 
the  vertical  dashed  line  represents  the  streamwise  location  of  the 
measurement  traverse  and  the  circle  and  triangle  symbols 
altenuue  sinqily  to  delineate  one  location's  profile  fiom  another. 
The  exaggerate  nature  of  the  scale  used  for  plotting  is  quite 
evident,  and  although  the  profiles  exhibit  dinunishment  of  the 
wake  deficit  with  downstream  distance,  the  rate  does  not 
compare  with  the  more  rapid  "filling  out"  observed  for 
redevelopment  after  reattachmnt  of  a  friee  shear  layer  onto  a 
solid  surface  such  as  seen  in  the  results  of  Settles,  et  al.  [46], 
Samimy,  et  al.  [14,17],  and  Kunu  [27].  ‘Die  slower 
recovery  of  the  wake  velocity  deficit  for  the  redevelopment 
region,  as  seen  in  Figure  IS,  still  represents  significant 
progression  towards  uniform  flow. 

The  streamwise  turbulence  intensity  profiles,  <u'>/u., 
are  plotted  in  Figure  16  and  illustrate  the  strong  mixing 
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pfDoeaes  occurring  in  the  initial  streamwiK  iocatioas  of  the 
redevelopment  region.  The  firtt  few  proflles  of  the 
redeveloping  wake  flow  exhibit  a  rapid  change  in  character 
6om  one  wuch  retains  the  individual  naoire  of  each  shear  layer 
(seen  in  the  "double-peaked”  shape  of  the  prafiln)  to  profiles 
which  instead  dqict  a  wake  flow  which  is  becoming  unifonnly 
mixed  with  a  single  peak  in  the  profiles.  The  very  slight 
transverse  broadening  of  the  primes  in  Figure  16  seems 
oonsistem  with  the  nature  of  the  redeveloping  wake  to  remain  a 
strong  viscous  cor  surrounded  by  inviscid  regions  with 
reiniiMl  intofacial  mixing.  The  final  few  profiles  for  <u‘>Ai. 
illustrate  the  perturbed  nanire  of  the  turbulence  field  even  at 
distances  far  downstream,  since  plateau  streamwise  turbulence 
intensity  levels  remain  at  approximately  S-6  percent, 
comparable  to  the  central  regions  of  a  turbulent  boundary  layer. 

The  extent  of  shear  work  ongoing  in  the  redeveloping 
wake  flow  is  evident  in  the  trends  of  the  kinematic  Reynolds 
stress  temi  shown  in  Figure  17.  These  pnrfUes  are  essentially 
zero  at  the  upper  and  lower  vertical  extremes  and  eiqterience 
positive  and  negative  shear  work  across  the  viscous  w^  flow, 
with  peak  levels  in  the  initial  few  traverses  reaching 
^tproximately  1.2  percent.  Some  indication  of  the  role  of 
compressibility  on  the  redeveloping  wake  flow  seems  evident  in 
the  variation  of  shear  work  (with  streamwise  distance)  between 
the  side  of  die  wake  which  originated  from  the  upper 
Mach  2.56  stream  and  the  lower  side  which  was  energized  by 
the  Mach  2.05  stream.  This  larger  shear  stress  gradient  for  tire 
lower  )^h  number  stream  was  also  observed  by  Samimy  and 
Addy  [17], 

Conclusions 

The  near-wake  interaction  flowfleld  generated  by  the 
separation  of  two  supersonic  streams  past  a  finite-thicimess 
base  was  characterized  by  steep  veloci^  gradienu.  high 
turbulence  intensity  levels,  and  viscous  mixing  in  the  presence 
of  an  adverse  pressure  gradient  The  shear  layer  ouxing  regions 
were  characterized  by  constant-pressure  mixing  along  Ae  initial 
two-thirds  of  their  length,  and  showed  an  evolution  of  velocity 
profiles  from  truncat^  forms  of  the  boundary  layer  shapes  to 
more  wake-like  profiles  farther  downstream.  The  shear  layer 
profiles  appear  to  achieve  relative  self-similarity  in  mean 
velocity  while  only  approaching  self-similarity  in  tire  turbulence 
field.  The  region  of  separated  flow  existing  between  tire  two 
supersonic  streams  in  the  near-wake  exhibited  vigorous 
recirculation,  maximum  negative  velocity  magrutudes  reaching 
0.23  u  ,  and  strong  turbulent  interaction  with  the  low-velocity 
regioni  of  both  shear  layers.  Peak  levels  of  turbulence  intensiy 
were  nreasured  in  the  recompression  and  reattachttrent  regions 
and  decreased  rapidly  with  streamwise  distance.  The 
turbulence  field  in  the  region  of  reattachment  is  strongly 
anisotropic,  reaching  turbulence  intensity  ratio  values  of 
approximately  4.  LI>V  data  for  the  redevelopment  of  the 
downstream  wake  flow  showed  lower  levels  of  turbulence 
intensity  and  kinematic  Reynolds  stress  than  other  regions  of 
the  near-wake  interaction,  but  illustrated  tire  strong  preservation 
of  the  disturbed  turbulence  field  with  even  large  distances 
downstream.  While  recovery  of  the  irrean  velocity  profiles  was 
achieved,  much  slower  recovery  of  the  turbulence  field  was 
seen. 
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Table  1  Properties  of  the  Mach  2.56  and  Mach  2.05  turbulent 
boundaiy  layers. 


Fig.  1  Schematic  of  the  near-wake  inteiactioD  flowfield. 
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Fig.  2  Sireamwise  velocity  profiles  plotted  in  waU-wake  law 
coordinates  for  the  tuibulem  boundary  layers. 
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Fig.  3  Schlieren  pbofogr^  showing  the  inienctioa  regions 
for  the  near-wake  flowfiekL 
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Fig.  4  Three-dimensional  surface  contour  representation  of 
the  static  pressure  field  in  the  near-walre  region. 


Fig.  5  Mean  velocity  vector  field  for  the  two-stream 
interaction  flov^eld. 


Fig.  6  Sneamwise  mean  velocity  pn^iles  for  the  shear  layers 
and  the  initial  pan  oi  the  lecamfxessian  region. 


Fig.  7  Sireamwise  turbulence  intensity  profiles  for  the  shear 
layers  and  the  initial  pan  of  the  recomprcssion  region. 


Fig.  8  Transverse  turbulence  intensity  profiles  for  the  shear 
layers  and  the  initial  pan  of  the  recompression  region. 
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Fig.  9  Tuibulence  intenuiy  ratio  profiles  for  the  shear  layers 
and  the  initial  pan  trf  the  reoompression  region. 
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Fig.  12  U-component  turbulence  intensi^  prtrfUes  for  the 
upper  shear  layer  idotied  in  similarity  coonlinates. 


Fig.  10  Kinematic  Reynolds  stress  profiles  for  the  shear  Fig.  13  Streamwise  mean  velocity  profiles  for  the 
layers  and  the  initial  part  of  the  recompression  region.  recompression  and  reaitachment  regions. 


Fig.  1 1  U-component  mean  velocity  profiles  for  the  upper 
shear  layer  plotted  in  similarity  coonlinates. 


Fig.  14  Streamwise  turbulence  intensity  profiles  for  the 
reconqnession  and  reattachment  regions. 
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Abstract 


An  experimental  program  has  been  conducted  to  smdy  the  flowfield  behind  a  blunt- 
based  body  of  revolution  embedded  in  a  supersonic  ffeestream.  The  experiments  have 
been  conducted  in  a  newly-designed  axisymmetric  wind  mnnel  facility  at  a  nominal 
approach  Mach  number  of  2.S.  A  cylindrical  sting  aligned  with  dre  axis  of  the  wind  tunnel 
provided  the  physical  model  for  the  study.  Qualitative  flowfield  information  was  obtained 
with  spark-schlieren  photography  and  surface  oil  visualization.  Mean  wall  static  pressure 
measurements  were  made  across  the  base  and  along  the  sting  parallel  to  the  wind  tunnel 
axis.  Nineteen  pressure  taps  were  concentrated  across  the  base  to  properly  access  the 
dependence  of  local  base  pressure  on  radial  location.  The  sting  boundary  layer  profile  and 
nozzle  exit  flow  uniformity  were  measured  by  a  one-component  laser  Doppler  velocimetry 
(LDV)  system.  The  base  pressure  measurements  indicate  only  a  small  dependence  on 
radial  location.  Interference  waves  generated  at  the  junction  of  the  nozzle  exit  and  test 
section  were  found  to  have  a  large  effect  on  the  base  pressure  profile  at  certain  operating 
conditions  but  could  be  eliminated  by  proper  operation  of  the  tuiuiel. 
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Nomeiidatiire 


Cp 

D 
M 
P 
Po 

r 
R 
U 
X 
Y 

Greek 

8  boundary  layer  thickness 

a  standard  deviation  of  ensemble 

SupCTsnipts 

angular  degrees 

fluctuation  from  the  mean  value 
Subscripts 

base  referring  to  blunt  base  or  base  plane 
cell  test  section  sudden-expansion  region 

edge  edge  of  the  boundary  layer 

exit  nozzle  exit  plane 

mruched  matched  pressure  condition  at  nozzle  exit  lip,  i.e.  P  .  =P  „ 
noz  nozzle  exit 

fieestream  condition  at  nozzle  exit 


iP^  1 

dimensionless  pressure  coefficient,  Cp=''j^^2 

base  diameter 
Mach  number 
static  pressure 
total  pressure 

radial  distance  ffixn  centerline 
base  radius 
axial  velocity 

axial  distance  from  nozzle  exit,  positive  downstream 
vertical  distance  from  sting  surface 


AN  EXPERIMENTAL  INVESTIGATION  OF  AXISYMMETRIC  POWER- 

OFF  BASE  FLOW  PHENOMENA 


IntroducnoD 

The  pressure  which  acts  on  the  base  of  a  bluff  body  traveling  through  a  viscous 
fluid  is  known  as  the  base  pressure.  The  fluid  separates  from  the  body  at  or  near  the  base 
comer  setting  up  a  low-speed  recirculation  region  near  the  base.  The  pressure  in  this 
region  is  nearly  cemstant  and  takes  a  value  significantly  less  than  the  freestream  flow  due  to 
the  expansion  at  the  comer.  This  difference  in  pressure  causes  an  axial  component  of  drag, 
conomonly  referred  to  as  base  drag,  which  can  account  for  up  to  two-thirds  of  the  total  drag 
on  a  body  of  revolution  [1].  Practical  situations  whore  base  drag  can  be  significant  include 
missiles,  airfoil  trailing  edges,  and  nozzle  exhaust  surfaces. 

A  general  flowfield  schematic  of  supersonic  flow  c  ver  a  blunt,  axisymmetric  body 
is  shown  in  Rgure  1.  The  approach  flow  cemsists  of  a  uitiform  supersonic  flow  region  and 
a  viscous  boundary  layer  (laminar  or  turbulent)  very  near  the  body  of  revolution.  Near  the 
base  comer  the  flow  geometrically  separates  firom  the  boay  and  a  free-shear  layer  is  formed 
where  rapid  mixing  occurs  between  the  inviscid  external  stream  and  the  low-speed 
recirculating  flow.  The  shear  layer  is  concave  to  tiie  centerline  iiutially  but  turns  outward 
as  the  flow  approaches  the  axis  of  symmetry.  Realignment  takes  place  through  a 
recompression  region  with  a  rise  in  pressure  to  a  value  above  the  freestream  static  pressure 
due  to  the  axisymmetric  nature  of  the  diverging  streamlines.  This  overcompression  is  the 
main  reason  axisymmetric  bodies  have  higher  base  pressures  (lower  base  drag)  than  similar 
two-dimensional  bodies.  Fluid  in  the  low-speed  side  of  the  shear  layer  is  unable  to 
negotiate  the  adverse  pressure  gradient  imposed  during  recompression  and  must  reverse 
direction  and  return  to  the  base,  thus,  setting  up  a  relatively  low-speed  "dead-air  region"  of 
recirculating  flow.  The  separated  flow  region  near  the  base  up  to  recompression  is  usually 
referred  to  as  the  near  wake  of  the  body. 
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In  the  "power-on"  configuration,  a  central  jet  is  present  along  the  axis  of 
symmetry  which  greatly  reduces  the  length  of  the  separated  flow  region.  The  reduced  size 
of  the  near  wake  reduces  the  problem  of  wave  interference  from  wind  tunnel  walls  with  the 
sensitive  separated  flow  region.  On  the  other  hand,  the  "power-off’  confijuration  (no 
central  jet)  is  more  succepdble  to  interferenci  effects  but  offers  more  opportunity  to 
accurately  resolve  the  flowfield  in  the  high-^ndient  regions  of  the  shear  layer. 

Several  researchers  have  investigated  the  fundamental  problem  of  axisyrrunetric 
base  drag.  Parametric  studies  of  the  effects  of  Mach  number,  Reynolds  number,  and 
boundary  layer  thickness  on  the  base  pressure  have  been  conducted  siirce  the  early  1950's 
[2-6].  Unfortunately,  problems  such  as  wind  tunnel  interference  and  proper  model 
alignment  have  plagued  base  flow  researchers  and,  therefore,  make  the  quality  of  the 
subsequent  data  questionable.  Experiments  with  bodies  of  revolution  have  incurred  several 
problems  in  the  proper  mounting  of  the  body  to  avoid  interference  of  the  flowfield.  In 
addition,  the  introduction  of  instrumentation  probes  (e.g.  pitot-static  probes)  into  the 
separated  flow  region  has  been  common,  even  though  it  has  been  shown  to  disturb  the 
flowfield.  Both  qualitative  and  quantitative  data  has  been  presented  [7-9]  which  documents 
the  disturbance  caused  by  external  waves  and  probes. 

Due  to  the  apparent  lack  of  quality  experimental  base  flov/  data  on  bodies  of 
revolution,  an  axisymmetric  base  flow  program  has  been  undertaken  in  the  University  of 
Illinois  Gas  Dynamics  Laboratory.  The  objectives  of  this  program  include  the  complete 
documentation  of  an  interference-free,  truly  axisymmetric  flowfield  behind  a  cylindrical 
body  of  revolution  embedded  in  a  supersonic  freestream.  Initially,  only  the  power-off 
configuration  will  be  investigated.  The  intent  of  this  research  is  not  to  reproduce  the 
parametric  studies  common  in  the  literature  but,  rather,  to  identify  the  dominant  fluid 
dynamic  mechanisms  inherent  in  these  complex  flows.  This  will  be  a  large  step  in  devising 
new  base  pressure  control  methods  to  reduce  base  drag.  Flowtield  documentation  will 
include  qualitative  flow  visualization  as  well  as  detailed,  non-intrusive  mapping  of  the 
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velocity  field  in  the  near-wake  region.  This  paper  discusses  the  design  of  the  interference- 
free,  supersonic  wind  tunnel  and  the  inidal  experiments  in  the  program  which  include 
schlieren  photography,  surface  oil  visualization,  static  pressure  measurements,  and 
approach  flowfield  documentation. 


The  current  experimental  mvestigadon  was  conducted  in  a  supersonic,  blow-down 
type  wind  tuiuiel  designed  solely  for  the  study  of  axisymmetric  base  flows.  A  schemadc  of 
the  basic  features  of  the  facility  is  provided  in  Figure  2.  A  hollow  sdng  extends  upstream 
through  the  stagnadon  chamber  and  nozzles  to  provide  a  physical  mounting  surface  for  the 
bases  under  study.  For  the  current  investigadon,  only  cylindrical  bases  (no  boattail)  were 
used.  Following  the  advice  of  Koh  [10],  the  two  sdng  supports  were  posidoned  upstream 
of  the  nozzle  entrance  to  avoid  any  support  disturbances  in  the  flowfield.  The  far-upstream 
support  is  a  Dodge  taper  lock  that  closes  symmetrically  around  the  sdng  to  aide  in  its 
alignment  along  the  axis.  As  will  be  discussed  later  in  this  report,  the  taper  lock  was 
insufficient  as  the  only  means  to  properly  center  the  sting  within  the  nozzle,  (^tical  access 
to  the  flowfield  was  achieved  by  two  rectangular  side  plates  of  opdcal-quality  glass. 

The  axisymmetric,  supersonic  nozzle  takes  on  an  annular  cross  secdon  with  the 
central  sting  in  place.  The  method  of  characteristics  for  irrotational,  supersonic, 
axisymmetric  flow  was  used  in  the  nozzle  design  to  design  to  produce  a  uniform  Mach  2.5 
flow  with  the  central  sting  [1 1].  Displacement  effects  due  to  boundary  layer  growth  on  ±e 
sting  and  nozzle  surfaces  reduce  the  actual  nozzle  exit  Mach  number  to  2.46.  The 
fireestream  Reynolds  number  based  on  the  base  diameter  was  10^.  Prior  to  entrance  into 
the  nozzle,  the  flow  passes  through  a  flow  conditioning  section  inserted  into  the  stagnadon 
chamber.  The  screen-honeycomb-screen  combination  is  used  to  effectively  damp  out  any 
large-scale  turbulence  generated  in  the  air  supply  to  the  nozzle. 
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The  geometry  of  the  test  section  is  such  that  the  nozzle  exit  flow  undergoes  a 
sudden  expansion  radially  outward  as  it  enters  the  test  section.  Hgure  3  is  a  diagram  of  die 
junction  between  the  nozzle  exit  lip  and  the  test  secdon.  This  location  is  the  most  likely 
cause  for  any  interference  with  the  base  flowfield;  therefore,  several  experiments  were 
conducted  to  investigate  methods  of  reducing  or  eliminating  any  interference  waves 
produced  by  this  junction.  The  location  of  static  pressure  taps  on  both  sides  of  the 
junction  allowed  for  direct  measurement  of  the  pressure  differential  at  the  nozzle  exit  With 
the  nozzle  operating  in  the  overexpanded  state,  a  compression  wave  is  generated  at  the 
nozzle  exit  lip  that  may  or  may  not  intersect  the  separated  flow  region  downstream  of  the 
base.  Conversely,  an  underexpanded  nozzle  condition  causes  an  expansion  wave  (fan)  at 
the  nozzle  exit  lip. 

To  eliminate  interference  waves,  it  was  necessary  to  devise  a  means  to  make  the 
pressure  differential  vanish  at  the  operating  condition  of  the  tunnel.  Sauter  [12]  describes 
one  such  method:  mass  injection/removal  into  the  separated  flow  region  of  the  test  section 
in  order  to  raise/lower  the  pressure.  Unfortunately,  the  existing  base  flowfield  was  shown 
to  be  adversely  affected  by  the  mass  transfer  causing  an  open  wake  downstream  of  the 
base.  That  is  to  say,  the  separated  "dead-air"  region  was  not  closed  off  by  the 
recompression  region  and,  therefore,  extended  far  downstream  of  the  undisturbed  point 
After  reviewing  these  previous  attempts  to  equalize  the  nozzle  exit  pressures,  a  passive 
pressure  control  method  was  examined.  By  varying  the  pressure  in  the  plenum  chamber  of 
the  wind  tunnel,  it  was  found  that  the  pressure  differential  at  the  nozzle  exit  lip  reacted  in  a 
linear  fashion  passing  through  zero  (equal  pressures)  at  some  value  of  stagnation  pressure. 
The  pressure  differential  as  a  function  of  stagnation  pressure  is  shown  in  Figure  4.  By 
operating  the  wind  tunnel  at  the  "matched  pressure"  condition,  any  interference  waves  from 
the  critical  nozzle  exit-test  section  junction  could  be  eliminated.  The  pressure 
measurements  described  were  well  supported  by  spark-schlieren  photographs  of  the 
different  nozzle  operating  conditions.  Representative  photographs  are  shown  in  Figure  5 
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for  underexpanded,  overexpanded  and  perfectly  expanded  nozzle  exit  flow.  The 
interference  waves  are  clearly  visible  for  all  cases  except  the  matched  pressure  case. 

The  effect  of  interference  waves  on  the  average  base  pressure  was  also  investigated. 
Figure  6  presents  the  non-dimensional  base  pressure  coefficient  as  a  function  of  the 
stagnation  pressure.  As  discussed  above,  different  values  of  Pq  correspond  to  different 
strengths  and  types  of  interference  waves  from  the  nozzle  exit  lip.  It  is  seen  that  whenever 
the  interference  wave  is  a  compression  wave  (shock  wave),  the  base  pressure  is  altered  to 
higher  values,  the  effect  being  mote  pronounced  as  the  shock  wave  strength  increases  (i.e. 
nozzle  exit  flow  nsore  overexpanded).  On  the  other  hand,  an  interference  expansion  wave 
(Po>l*matched)  causes  little  change  in  the  base  pressure.  The  discrepancy  between  the  two 
wave  types  is  thought  to  be  only  a  matter  of  where  the  waves  intersect  the  separated  base 
flow  region.  The  composition  of  the  interference  wave,  in  other  words,  is  not  necessarily 
the  major  factor  is  determining  base  pressure  dependence. 

In  a  similar  study  of  wind  tunnel  interference  effects  behind  bodies  of  revolution, 
Hawkins  and  Trevett  [9]  indicate  that  any  interference  wave  intersecting  the  recirculation 
regicai  upstream  of  a  "critical-interaction  point"  affected  the  structure  of  the  flowfield  and, 
consequently,  the  base  pressure.  This  critical  point  was  found  to  lie  very  close  to  the  sonic 
point  of  the  developing  wake  for  Mach  numbers  above  1.9  as  determined  by  pitot  probe 
traverses  along  the  centerline.  Therefore,  in  the  current  study  it  is  suggested  that  all 
compression  interference  waves  generated  by  the  nozzle  lip  intersect  the  recirculation  region 
upstream  of  the  sonic  point  As  Pq  decreases  the  compression  shock  becomes  steeper  with 
respect  to  the  wind  tunnel  axis  and,  therefore,  intersects  the  base  flow  region  further 
upstream  causing  increased  interference  (higher  base  pressures).  As  Pq  increases  to  the 
matched  pressure  condition,  the  shock  wave  fades  into  an  interference  wave  of  infinitesimal 
strength  and  then  into  an  expansion  fan  at  higher  stagnation  pressures.  The  leading 
interference  wave  of  the  expansion  fan  is  just  the  local  Mach  line  determined  only  by  the 
local  flow  Mach  number.  Consequently,  the  leading  interference  wave  of  any  nozzle  lip 


expansion  fan  has  a  constant  angle  with  respect  to  the  wind  tunnel  axis  and  intersects  the 
base  flowfield  at  a  fixed  location.  In  die  cunent  study,  sqiparently,  the  intersection  ptnnt  is 
very  near  or  slightly  downstream  of  the  sonic  point  in  the  developing  wake.  From 
schlieren  photographs,  this  critical  interaction  distance  was  measured  to  be  2.0  base 
diameters  downstream  of  the  base. 

Proper  centering  of  the  sting  within  the  nozzle  is  imperative  for  truly  axisymmeoic 
flow  behind  a  blunt  base.  Unfortunately,  this  has  been  a  recurring  problem  in 
axisymmetric  base  flow  research.  Even  though  careful  steps  had  been  taken  in  the  wind 
tunnel  fabrication  process  of  the  current  study,  an  additional  method  to  ensure  concentricity 
between  the  sting  and  nozzle  was  found  to  be  necessary.  To  meet  this  end,  four  nozzle 
adjusting  blocks  were  installed.  These  blocks  allow  for  the  translation  of  the  nozzle  and 
test  section  vertically  or  horizontally  without  changing  the  position  of  the  upstream- 
supponed  sting.  The  degree  of  concentricity  is  checked  by  applying  a  mixture  of  viscous 
oil  and  lampblack  on  the  base  and  then  running  the  wind  tunnel  at  the  chosen  operating 
condition.  The  symmetry  of  the  resulting  oil  streak  pattern  is  used  as  an  indicator  of 
whether  or  not  the  sting  is  properly  centered.  If  any  asymmetry  exists  in  the  oil-streak 
pattern,  the  position  of  the  nozzle  and  test  section  is  adjusted  and  the  process  is  repeated. 
The  oil-streak  pattern  on  the  base  for  a  "centered"  sting  is  shown  in  Figure  7.  The  trial- 
and-enor  centering  process  has  shown  the  base  flow  symmetry  to  be  extremely  sensitive  to 
the  sting  position  within  the  nozzle.  For  example,  a  nozzle/test  section  translation  of 
0.010"  can  cause  a  movement  in  the  base  symmetry  point  of  up  to  1.0".  The  physical 
location  of  the  sting  relative  to  the  nozzle  throat  and  nozzle  exit  plane  was  measured  after 
the  most-symmetric  oil-streak  pattern  had  been  obtained.  Interestingly,  the  sting  and  nozzle 
were  very  concentric  at  the  throat  but  not  at  the  nozzle  exit,  even  though  the  oil-streak 
patterns  indicated  axisymmetric  flow  at  the  base.  The  uniformity  of  the  transonic  flow  near 
the  throat  is,  therefore,  thought  to  be  highly  dependent  on  the  physical  symmetry  in  that 
region  and  can  greatly  affect  the  symmetry  of  the  supersonic  flowfield  exiting  the  nozzle. 
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Tnstnimentation 

In  addition  to  the  surface  oil-streak  visualizations  described  above,  schlieren 
photography,  static  pressure  measurements,  and  laser  Doppler  velocimetry  were  used  to 
document  the  supersonic,  axisymmetric  base  flowfield.  All  experimental  data  was  taken 
with  the  wind  tunnel  operating  in  the  matched-pressure  condition  (i.e.  no  nozzle  exit  lip 
interference)  with  a  sting/nozzle  positiem  which  yielded  a  symmetric  oil-streak  pattern  along 
the  base. 

Spark-schlieren  photographs  were  taken  of  the  base  flowfield  using  a  1.4  |j.s 
duration  light  source  with  the  knife  edge  both  horizontal  and  vertical  to  the  flow  direction. 
Schlieren  photography  relies  on  the  existence  of  density  gradients  in  the  flowfield  to  bend 
light  rays.  The  resulting  light  intensity  distribution  far  away  from  the  wind  tunnel  is  then 
indicative  of  the  density  gradient  distribution  in  the  flowfield.  The  primary  advantage  of 
the  pulsing  light  source  is  the  capability  to  avoid  photographic  smearing  by  "freezing''  the 
flow  at  an  instant  in  time.  Photographs  were  taken  for  several  different  operating 
conditions  to  investigate  the  qualitative  structure  of  the  flowfield. 

Static  pressure  measurements  were  taken  at  various  locations  on  the  base  and  nozzle 
using  a  Pressure  Systems  Inc.  Digital  Pressure  Transmitter  (Model  6400-T).  Nineteen 
0.025"  diameter  pressure  taps  were  located  symmetrically  across  the  base  to  measure  the 
radial  dependence  and  sym-itiry  of  the  base  pressiuc.  From  this  data,  a  local  base 
pressure  coefficient  was  calculated  for  each  pressure  tap  location.  An  area  average  was 
then  performed  to  yield  an  average  base  pressure  coefficient  which  could  be  compared  to 
base  pressure  data  from  previous  investigations.  In  addition  to  base  pressure  taps,  static 
pressures  were  also  measured  upstream  of  the  base  along  the  sting  surface.  Five  static 
pressure  taps  separated  by  0.125"  were  located  180*  apart  on  the  sting  periphery  such  that 
the  taps  furthest  downstream  were  0.094"  from  the  base  comer.  These  taps  were  used  to 
document  the  static  pressure  field  of  the  supersonic  approach  flow.  Also,  local  Mach 
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numbers  were  calculated  assuming  isentropic  flow  firom  the  stagnation  chamber  pressure. 
A  diagram  showing  the  relative  location  of  the  static  pressure  taps  is  provided  in  Figure  8. 
As  described  above,  eight  static  pressure  taps  were  placed  around  the  periphery  of  the 
nozzle  exit  and  in  the  test  section  region  to  measure  the  pressure  differential  at  the  nozzle 
exit  lip. 

The  shape  of  the  approach  boundary  layer  was  measured  by  a  laser  Doppler 
velocimeter.  In  order  to  make  measurements  close  to  the  sting  surface,  a  one-component 
arrangement  was  utilized.  Laser  Dq)pler  velocimetry  (LDV)  is  a  laser-based  technique  that 
measures  the  instantaneous  velocity  of  small  particles  suspended  throughout  the  flowfield 
by  detecting  the  Doppler  frequency  shift  of  the  laser  light  A  small  volume  defined  by  the 
intersection  of  two  focused  laser  beams  acts  as  the  measurement  location  for  the  fluid 
velocity.  As  the  volume  is  traversed  around  the  flowfield,  a  velocity  map  can  be  created 
that  intimately  describes  the  flowfield.  The  n<m-intrusive  nature  of  LDV  offers  a  significant 
advantage  over  other  velocity  measurement  tools.  In  addition,  LDV  is  capable  of 
discriminating  the  flow  direction  which  is  a  necessity  in  separated  flows. 

The  effective  dimensions  of  the  measurement  volume  and  other  pertinent  data 
concerning  the  LDV  system  are  given  in  Table  1.  A  schematic  diagram  of  the  LDV  optical 
configuration  is  shown  in  Figure  9.  Since  the  natural  particles  existing  in  the  air  were  too 
small  and  few  in  number  to  serve  as  scattering  media,  an  artificial  seeding  method  was 
necessary.  A  Thermal  Systems  Inc.  6- Jet  Atomizer  with  silicone  oil  as  the  atomized  fluid 
was  used  to  produce  the  small  particles  that  were  then  injected  into  the  flowfield  just 
upstream  of  the  converging  nozzle.  This  combination  of  atomizer  and  seeding  material  has 
been  shown  to  produce  a  polydisperse  particle  size  distribution  centered  at  0.8  pm  [13]. 
Also,  recent  experiments  in  the  Gas  Dynamics  Laboratory  [14]  have  shown  that  particle 
dynamics  effects  are  minimized  when  using  atomized  silicone  oil  as  a  seeding  media.  For 
this  reason,  it  is  believed  that  in  the  current  investigation  the  artificial  seed  accurately 
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follows  the  flowfield,  and  velocities  of  die  particles  (measured)  are  the  same  as  the  velocity 
of  the  local  fluid  (inferred). 

The  approach  boundary  layer  was  measured  with  the  LDV  8  mm  downstream  of  the 
nozzle  exit  along  the  sting  surface.  The  unifcmnity  of  the  nozzle  exit  flow  was  also 
determined  by  traversing  the  measurement  volume  vertically  across  the  nozzle  exit  In  all 
cases,  only  the  stieamwise  component  of  velocity  was  measured.  More  than  2000  data 
samples  were  gathered  at  each  measurement  locadon  and  were  subsequently  reduced  into 
mean  and  fluctuating  velocities  by  ensemble  averaging.  A  1-D  inverse- velocity  bias 
correction  was  applied  to  eliminate  any  velocity  bias  in  die  data  Also,  a  software  filter  was 
used  to  remove  any  "bad”  data  points  by  specifying  a  ±Sc  requirement  on  the  ensemble. 
Since  the  direction  of  the  flow  was  almost  CCTtainly  known  prior  to  taking  the  data,  a 
method  to  discriminate  flow  direction  (optical  frequency  shifting)  was  not  utilized  thus 
simplifying  the  optical  setup.  Scattereu  laser  light  was  collected  in  an  off-axis,  forward- 
scatter  configuratitm  located  10*  from  the  transmitted  laser  beam  axis  in  order  to  reduce  the 
effective  length  of  the  measurement  volume.  A  counter  processor  converted  the  scattered 
light  intensity  distribution  into  Doppler  frequency  by  counting  the  time  for  8  cycles  of  the 
signal  to  cross  a  pre-set  threshold.  The  resolution  of  the  internal  counter  clock  was  10"^ 
seconds. 

Results 

Schlieren  photography  was  consistently  used  to  grasp  the  qualitative  structure 
present  in  the  axisymmetric  flowfield.  Figure  10  is  a  schlieren  photograph  of  the  wind 
tunnel  flowfield  at  the  chosen  operating  condition  for  these  experiments.  Several  basic 
features  of  the  flow  are  clearly  visible  including  the  base  comer  expansion  fan,  the  merging 
ftee-shear  layers  (acmally  conical  in  nature),  and  the  recompression  shock  system.  Also, 
the  separated  flow  in  the  expanded  test  section  regions  are  seen  at  the  top  and  bottom  of  the 
photograph.  The  base  comer  expansion  waves  reflect  off  these  upper  and  lower  shear 
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layers  as  coiiq)ression  waves  which  coalesce  to  form  an  oblique  shock  wave  directed 
toward  the  centerline.  This  phenomenon  is  strictly  a  wind  tunnel  effect;  therefore,  the 
reflected  oblique  shock  wave  defines  the  (townstream  boundary  for  any  interference-free 
data  taken  in  the  wind  tumiel.  The  lack  of  detailed  clarity  in  the  schlieren  photogr^hs  was 
due  to  the  axisymmetric  nature  of  the  wind  tunnel.  Since  schlieren  photography  depends 
on  the  bending  of  light  rays  across  the  wind  tunnel  span,  it  is  ideally  suited  for  two- 
dimensional  flowfields  where  only  streamwise  and  transverse  density  gradients  are 
significant  In  axisymmetric  flows,  gradients  exist  in  all  Cartesian  coordinate  directions 
(x,y,z),  so  the  spanwise  integration  of  light  rays  results  in  background  smearing  and  loss 
of  detail  in  the  photographs. 

Since  base  pressure  data  alone  is  meaningless,  it  is  important  to  quantify  the 
approach  flow  conditions.  In  the  current  investigation,  LDV  traverses  across  the  nozzle 
exit  yielded  information  on  the  freestream  velocity  as  well  as  the  boundary  layer  profile. 
Figure  1 1  is  a  plot  showing  the  variation  in  Mach  number  across  the  nozzle  exit  assuming 
isoenergetic  flow  from  the  stagnation  chamber.  The  freestream  Mach  number  was  very 
uniform  at  Moo=  2.46  ±1%.  Again,  the  slight  discrepancy  from  the  design  Mach  number 
of  2.5  is  due  to  the  displacement  effects  of  the  sting  and  nozzle  boundary  layers.  The 
freestream  Mach  number  determined  by  the  LDV  was  verified  by  static  pressure  data  near 
the  nozzle  exit  assuming  an  isentropic  expansion  through  the  nozzle.  Measured  turbulence 
intensities  in  the  uniform  flow  region  were  consistently  less  than  1%  with  little  variation 
across  the  nozzle  exit.  Hence,  the  flow  conditioning  screens  and  honeycomb  upstream  of 
the  nozzle  entrance  were  successful  in  damping  out  the  large-scale  turbulence  created  in  the 
stagnation  chamber. 

Boundary  layer  data  was  obtained  8  mm  downstream  of  the  nozzle  exit  on  the 
central  sting.  The  non-dimensional  velocity  profile  is  shown  in  Figure  12  along  with  the 
curve  fit  of  Sun  and  Childs  for  compressible,  turbulent  boundary  layers  [15].  A  least- 
squares  routine  was  used  to  provide  the  "best"  fit  to  the  experimental  data.  The 
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compressible  displacement  thickness,  momenmm  thickness  and  shape  factor  were 
subsequendy  calculated  by  numerical  integradon  assuming  an  adiabatic  wall  with  a 
recovery  factor  of  0.89  [16].  A  complete  listing  of  the  resulting  boundary  layer  parameters 
described  above  is  provided  in  Table  2.  The  shape  of  the  velocity  profile  indicate  a 
turbulent  boundary  layer  approached  the  base.  The  turbulence  intensities  throughout  the 
boundary  layer  are  shown  in  Figure  13.  Maximum  levels  of  10%  relative  to  the  tieestream 
velocity  were  measured  very  near  the  wall  (Y=0.18mm).  Measurements  below  Y=0.18 
mm  were  not  possible  due  to  increased  noise  levels  from  laser  reflection  off  the  sting 
surface  as  well  as  insufficient  seeding. 

In  addition  to  documenting  the  approach  velocity  field,  static  pressure 
measurements  were  made  along  the  sting  surface  to  quantify  the  pressure  field  near  the  base 
comer.  Figure  14  shows  the  average  pressure  field  approaching  the  base  plane.  Each  data 
point  displayed  is  an  average  of  two  pressure  taps  located  the  same  distance  from  the  base 
plane  but  180*  apart  on  the  sting  surface.  The  pressure  data  reflects  the  upstream  influence 
of  the  strong  expansion  at  the  base  comer.  The  rise  in  pressure  near  the  base  begins 
approximately  2.5  boundary  layer  thicknesses  upstream  of  the  base  comer.  This  appears  to 
contradict  the  classical  theory  of  a  decreasing  pressure  field  due  to  the  lower  base  pressure 
feeding  upstream  through  the  subsonic  portion  of  the  boundary  layer.  The  rising-pressure 
trend  in  the  current  investigation  is  yet  unexplained,  although  it  is  consistent  on  both  sets  of 
diametrically-opposed  pressure  taps. 

In  order  to  extract  meaningful  data  from  the  existing  wind  mnnel,  the  measured 
base  pressure  should  be  independent  of  the  axial  position  of  the  sting.  Axial  translation  of 
the  base  into  the  nozzle  should  have  no  effect  on  the  base  pressure  as  long  as  the  base  plane 
still  lies  in  the  uniform  flow  region  defined  by  the  characteristic  mesh  of  the  supersonic 
nozzle.  By  demonstrating  the  independence  of  base  pressure  with  sting  position,  the  wind 
tunnel  effects  on  the  base  flowfield  can  be  shown  to  be  negligible.  The  average  base 
pressure  normalized  by  the  fireestream  static  pressure  is  shown  in  Figure  15  for  a  variety  of 


axial  base  positions  near  the  nozzle  exit  The  experimental  data  of  Lilienthal,  et  al.  [1 1] 
from  an  earlier  investigation  that  used  the  same  nozzle  but  a  different  sting  is  also  included 
for  comparison.  The  maximum  deviation  in  base  pressure  ratio  is  approximately  4%  of  the 
value  at  tte  nozzle  exit,  so  within  the  axial  distances  shown  in  Figure  IS,  the  base  pressure 
is  nearly  independent  of  the  sting  position.  The  slight  increase  in  pressure  as  the  base  is 
translated  into  the  nozzle  may  be  associated  with  some  asymmetry  in  the  base  flow 
patterns.  Base  oil-streak  patterns  were  used  to  center  the  sting  only  when  the  base  plane 
coincided  with  the  nozzle  exit  plane.  Hence,  only  die  flow  at  the  nozzle  exit  is  known  to  be 
truly  axisymmetric.  Nonetheless,  the  effect  of  any  asymmetry  created  as  the  base  was 
pulled  into  the  nozzle  had  only  a  small  effect  on  the  average  base  pressure  ratio. 

Documenting  the  static  pressure  profile  across  the  cylindrical  base  has  importance  in 
analytical  and  computational  modelling  of  these  flows.  Early  theories  assumed  the  entire 
recirculation  regicMi  to  be  of  ctmstant  pressure,  the  value  being  defined  by  the  expansion  fan 
at  the  comer.  For  simplicity,  the  expansion  at  the  comer  of  a  body  of  revolution  was 
assumed  to  be  two  dimensional  in  order  that  the  well-known  Prandtl-Meyer  relations  could 
be  used.  In  fact,  the  comer  expansion  is  not  two  dimensional  but  curved  due  to  the 
axisymmetric  nature  of  the  flow.  Zumwalt  [5]  observed  from  schlieren  photographs  that 
the  free-shear  layer  and  outer  inviscid  flow  in  the  base  region  take  a  conical  shape.  For  this 
reason,  he  abandoned  the  constant-pressure  assumption  in  the  recirculation  region  in  favor 
of  the  pressure  distribution  of  a  potential  flow  over  a  rearward-facing  cone.  Unfortunately, 
it  is  difficult  to  make  pressure  measurements  in  this  region  without  dismpting  the  flowfield, 
so  no  convincing  experimental  data  is  available  to  confirm  this  theory. 

The  base  pressure  profile  across  the  inner  90%  of  the  base  is  shown  in  Figure  16. 
The  non-dimensional  base  pressure  coefficient  is  shown  to  be  relatively  independent  of 
base  radius  and  takes  an  average  value  of  -0.10.  Free-flight  experimental  data  of  Charters 
[17]  suggests  Cp=-0.11  at  Mach  2.5.  The  asymmetric  increase  in  Cp  on  one  side  of  the 
base  may  suggest  a  slight  misalignment  in  sting  position  at  the  nozzle  exit.  Even  though 
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the  oil-streak  pattern  was  symmetric  at  this  location,  it  was  shown  to  be  extremely  sensitive 
to  sting  position;  consequently,  a  small,  unplanned  alteration  in  position  could  have 
occured  during  the  experimental  process  caudng  the  asymmetry  shown  in  Figure  16.  In 
addition,  the  pressure  differential  across  the  nozzle  exit  was  not  entirely  symmetric  which 
may  suggest  interference  waves  emanating  from  some  local  regions  around  the  periphery 
even  though  the  average  pressure  differential  is  near  zero.  This  localized  interference 
would  tend  to  increase  the  base  pressure  at  the  point  of  intersection  with  the  recirculation 
region,  therefore  causing  an  asymmetry  such  as  is  shown  in  the  base  pressure  profile. 
Once  again,  the  difficulty  in  producing  an  interference-free  flowfield  that  accurately 
simulates  the  ffee-flight  conditions  has  consistently  plagued  base  flow  researchers.  The 
effon  in  the  present  investigation  to  fiiUy  eliminate  any  wind  tunnel  effects  has  been  largely 
successful,  but  the  data  suggests  that  continued  scrutiny  as  to  the  origin  of  these  effects 
must  continue  throughout  the  current  investigation  as  well  as  throughout  any  base  flow 
investigation  in  the  future. 

Conclusions 

A  list  of  the  major  conclusions  that  can  be  drawn  tom  the  experimental  program 
described  in  this  paper  include: 

1 .  Extreme  care  must  be  taken  to  properly  center  the  sting  in  any  axisymmetric  wind 
turmel  experiments.  In  the  current  study,  nozzle  positioning  blocks  provided  good 
control  of  relative  sting  position  such  that  an  axisymmetric  base  flowfield  could  be 
produced. 

2 .  Base  oil-streak  visualization  has  proven  to  be  an  effective  method  to  properly  assess 
the  symmetry  of  the  flowfield  downstream  of  the  base. 

3 .  Proper  physical  alignment  at  the  nozzle  throat  is  the  controlling  factor  in  creating  a 
axisymmetric  flowfield  downstream  of  the  nozzle  exit. 
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4.  Interference  waves  emanating  frcnn  the  nozzle  exit  could  be  effectively  eliminated 
by  prq)eriy  choosing  the  stagnadon  pressure  in  the  plenum  chamber. 

5.  The  effect  of  any  interference  wave  intersecting  the  base  flowfield  upstream  of  the 
critical  interaction  point  in  the  developing  wake  was  to  increase  the  base  pressure. 
Interference  ^aves  intersecting  the  flow  downstream  of  this  point  had  no  effect  on 
the  base  pressure. 

6.  Flow  conditioning  by  a  screen-honeycomb-screen  combination  in  the  stagnation 
chamber  produced  a  uniform  flowfield  with  fireestream  turbulence  intensities  below 
1%. 

7 .  The  upstream  influence  of  the  base  comer  expansion  was  to  increase  the  static 
pressure  starting  2.5  boundary  layer  thicknesses  upstream  of  the  base. 

8.  Non-dimensional  base  pressures  are  nearly  independent  of  radial  position  on  the 
base. 
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Laser:  Spectra-Physics  5  Watt  argon-ion  using  the  green  line  (514.5nm) 

Transmittiiig  Optics:  TSI  one-component  system  without  optional  frequency  shifting 

Measurement  Volume: 

beam  diameter  =  1.38mm 

beam  spacing=22.(Hnm 

focal  lengths360.1mm 

fringe  spacings0.00843mm 

measurement  volume  diameter=0.171mm 

effective  iength=2.39mm 

number  of  fi[^ges=20 

Receiving  Optics:  standard  TSI  receiving  module  with  250mm  focal  len^  receiving  lens  and 
0.25mm  pinhole,  positioned  10  degrees  off  the  forward  scatter  axis 

Signal  Processing:  TSI  Model  1990B  frequency  counter  requiring  8  fringes  for  a  valid  burst 

Computer:  Digital  Equipment  Corporation  PDP  1 1/73  with  Direct  Memory  Access  (DMA) 
interface 

Seeder:  TSI  six-jet  atomizer  running  at  75  psi  supply  pressure 

Traversing  Table:  standard  optical  breadboard  with  a  DISA  electronic  drive  in  two  directions 
and  manual  positioning  in  the  other  (vertical);  vertical  positioning  accuracy  of 
0.05mm  by  digitally-coded  linear  scale 


Measurement  Locatitm;  8  ntm  downstream  of  nozzle  exit 
Boundary  Layer  Thickness:  5=3.2  mm 
Compressible  Displacement  Thickness;  5*=0.95  mm 
Compressible  Momentum  Thickness:  0=0.25  mm 
Shape  Factor:  H=3.78 
Friction  Velocity:  U/j=20.9m/s 

Skin  Friction  Coefficient:  Cf=0.00146 
Coefficient  of  Walm  Function;  11=1.41 


Figure  1  Diagram  of  Supersonic  Flow  over  an  Axisymmetric  Blunt-Based  Body 


Figure  2  Detailed  Sketch  of  Axisymmetric  Wind  Tunnel 


Figure  4  Pressure  Differential  at  the  Nozzle  Exit  Lip 


Figure  5  Schlieren  Photographs  of  (a)  underexpanded  nozzle,  (b)  perfectiy 
expanded  nozzle,  and  (c)  overexpanded  nozzle 


Figure  7  Photograph  of  Base  Oil-Stxeak  Visulizadon  for  "Best-Centered", 
Symmetric  Flowfield 


Figure  8  Location  of  Static  Pressure  Taps  on  Base  and  Sting  Surfaces 


Figure  9  LDV  Optical  Arrangement  (transmitting  side  only) 


Figure  10  Spark-schlieren  Photograph  of  Inteiference-free  Base  Flowfield  for 
Wind  Tunnel  Operating  in  die  Matched  Pressure  Condition 


Figure  14  Static  Pressure  Distribution 


Figure  16  Dimensionless  Base  Pressure  Profile 
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Abstract 

A  particle  image  velocimetry  (PIV)  system  has 
been  developed  for  use  as  a  non-intrusive  laser 
diagnostic  tool  to  complement  laser  Doppler 
velocimetry  (LDV)  in  high  speed  (transonic  and 
supersonic)  wind  tunnel  studies.  The  PIV  system  is 
capable  of  extracting  instantaneous  two-dimensional 
velocity  maps  within  a  flow  by  recording  double 
images  of  seed  particles  on  photographic  film  and 
then  examining  the  local  displacement  of  particle 
images  to  determine  velocity  vectors.  The  image 
acquisition  system  uses  two  high  power  pulsed 
Nd:YAG  lasers  focused  into  a  thin  light  sheet  to 
illuminate  seed  particles  for  recording  on  either  35  mm 
or  4”  x  5"  format  film,  with  control  of  seeders,  lasers, 
and  the  camera  shutter  performed  by  a  Macintosh  II 
computer.  Interrogation  of  the  double-exposed 
photographs  to  extract  velocity  information  is  done  on 
an  image  processing  system  based  on  a  5U  MHz 
Macintosh  workstation,  a  HeNe  laser  for  illumination, 
automated  positioners  to  handle  the  film,  and  a  CCD 
array  camera.  The  design  of  the  acquisition  system, 
including  special  considerations  for  PIV  in  high  speed 
flows,  is  discussed.  The  theory  and  design  of  the 
interrogation  system  are  also  described.  Finally, 
results  from  the  cases  used  to  validate  and 
demonstrate  the  PIV  system  are  presented. 

lntr.oductl.on 

Particle  image  velocimetry  (PIV)  is  a  non- 
intrusive  laser  diagnostic  technique  used  to  make 
instantaneous  velocity  measurements  in  a  planar 
region  of  turbulent  and  separated  flows.  The 
technique  involves  two  complementary  yet 
independent  processes;  these  processes  are  called 
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acquisition  and  imerrogation.  In  the  current  setup  the 
acquisition  system  uses  two  pulsed  lasers  which  are 
focused  into  a  sheet  of  light  to  illuminate  seed  particles 
within  a  planar  region  of  the  flow.  The  partide  images 
are  then  double-exposed  onto  photographic  film  by 
flashing  the  lasers  at  a  set  time  interval  (Figure  l ).  The 
double-exposed  photograph,  with  a  known 
magnification  and  time  delay,  can  then  be  interrogated 
to  determine  particle  separations  and  thus  velocity 
vectors.  This  is  done  by  successively  illuminating 
small  regions  of  the  photo  and  digitizing  and  storing 
the  images  in  a  computer,  where  the  average 
displacement  of  the  particles  in  each  intemogation 
region  is  found  via  image  processing. 

PIV  has  been  determined  to  be  a  necessary 
and  useful  tool  for  fluid  mechanics  research  because  it 
can  be  used  to  quantitatively  visualize  highly 
unsteady,  turbulent,  and  separated  flowfields. 
Because  it  is  non-intrusive,  no  probes  or  sensors  need 
to  be  placed  in  the  flow  which  could  disturb  or  alter  the 
flow  regime  which  is  under  study.  Unlike  flow 
visualization,  PIV  determines  accurate,  quantitative 
velocity  information.  Because  a  map  of  an  entire 
plane  in  the  flow  field  is  made  with  the  process,  PIV 
allows  observation  of  important  instantaneous  spatial 
structures  that  cannot  be  determined  with  laser 
Doppler  velocimetry  (LDV),  which  evaluates  mean 
velocities  and  other  turbulence  data  on  a  point  by 
point  basis.  LDV  also  requires  much  longer  wind 
tunnel  run  times  in  order  to  map  the  entire  flow  field. 
PIV  is  not  meant  to  be  used  to  duplicate  the  important 
statistical  turbulence  data  which  can  be  obtained  from 
LDV,  but  is  instead  intended  to  be  used  as  a 
complement  to  LDV  to  determine  instantaneous  flow 
structures. 

Acquisition  System 

Equipment 

The  image  acquisition  system  uses  two  pulsed 
’asers  focused  into  a  thin  sheet  of  light  to  illuminate 
seed  panicles  in  the  wind  tunnel.  The  sheet  is  0.4  mm 


thick  and  is  adjustable  from  66  to  108  mm  wide.  The 
light  sheet  is  sent  vertically  through  a  window  in  the 
bottom  of  the  tunnel  and  photographs  of  the 
illuminated  particles  are  taken  through  a  side  window. 
In  the  acquisition  process,  two  laser  pulses  are  used 
to  capture  two  images  of  each  particle  on  a  single 
photograph.  The  entire  process  is  operated  from  a 
Macintosh  II  computer.  The  computer  controls  the 
operation  of  the  seeder  valves  and  camera  shutter 
and  specifies  the  time  interval  tor  the  laser  pulses.  A 
schematic  of  the  acquisition  equipment  is  shown  in 
Figure  2.  The  top  section  of  the  laser  table  is  placed 
on  anti-vibration  mounts  to  avoid  displacement  of  the 
optics  and  camera  during  a  mn,  but  can  be  traversed 
in  the  streamwise  direction  to  take  multiple  photos  in 
long  test  sections  without  moving  the  entire  apparatus. 

The  design  of  the  image  acquisition  system 
started  with  the  choice  of  the  illuminating  laser  for 
photographic  double-exposure  of  seed  particles 
suspended  in  the  flow.  The  requirements  for  the  laser 
included  very  short  duration  pulses  to  prevent  blurring 
of  particle  images,  high  power  in  the  visible  spectrum 
to  illuminate  small  seed  particles  used  in  high  speed 
flows,  and  an  accurate  and  tunable  pulse  separation 
to  adjust  for  varied  flow  speeds.  Two  pulsed  Nd:YAG 
lasers,  frequency  doubled  to  532  nm  (green),  were 
chosen  because  of  their  combination  of  high  power 
(550  mj)  and  short  pulse  width  (4-6  ns).  Two  lasers 
are  required  in  order  to  obtain  two  pulses  within  the 
necessary  time  separation  (approximately  200  ns  for 
some  supersonic  appiications).  Adjustable  pulse 
separation  is  accomplished  by  using  a  Stanford 
Research  Systems  Inc.  digital  delay  pulse  generator  to 
trigger  the  lasers.  The  Stanford  box,  along  with  the  35 
mm  camera  shutter  and  seeder  valves,  is  controlled 
from  the  Macintosh  by  means  of  a  National 
Instruments  digital  I/O  board.  The  optical  components 
chosen  to  form  the  light  sheet  are  made  from  fused 
silica  substrate  with  special  coatings  to  withstand  high 
energy  pulses.  The  sheet  forming  optics  are  detailed 
in  Figure  3. 

A  Canon  35  mm  camera  with  an  electronic 
shutter  was  chosen  for  the  acquisition  process.  The 
35  mm  format  is  generally  preferred  over  4"  x  5"  film 
because  it  is  relatively  inexpensive  and  allows  for 
automatic  control  of  shuttering  so  that  multiple 
photographs  can  be  taken  quickly  and  easily, 
reducing  wind  tunnel  run  time.  The  limitation  of  this 


choice  is  that  35  mm  negatives  produce  larger  particle 
images  due  to  diffraction  effects  when  enlarged  and 
positive  printed  on  4*  x  5*  film  for  interrogation.  The 
larger  images  in  turn  require  larger  interrogation  spots 
which  are  undesirable  for  some  flows  with  large 
spat^  gradients.  This  PIV  system  can  also  be  used 
with  a  4’  X  5*  camera,  but  the  procedure  for  obtaining 
particle  image  photographs  with  this  camera  has  not 
been  automated  yet. 

Directional  Resolution 

When  the  double-exposed  PIV  photogre^)h  is 
examined  to  determine  a  velocity  vector  field,  the 
interrogation  process  assumes  that  the  particle 
images  have  positive  displacements.  That  is,  it  is 
assumed  that  the  image  of  the  particle  at  the  time  of 
the  second  laser  flash  is  downstream  of  the  first 
image.  However,  in  a  turbulem  or  recirculating  flow 
field  negative  particle  displacements  are  often 
encountered.  This  problem  is  referred  to  as 
directional  ambiguity. 

In  general,  directional  ambiguity  is  resolved  by 
assuring  that  the  second  images  of  the  particles  have 
positive  displacements  even  if  the  particles 
themselves  do  not.  This  process,  called  image 
shifting,  can  be  achieved  mechanically  by  placing  a 
rotating  mirror  in  front  of  the  acquisition  camera  lens  or 
by  displacing  the  whole  camera  between  laser 
flashes.  A  mechanical  method  is  not  used  in  the 
system  described  here  partly  because  of  the 
increased  complexity  but  primarily  due  to  the  restraints 
placed  upon  it  by  its  application  to  high  speed  flows. 
A  mechanical  system  simply  cannot  be  used  with  the 
small  laser  time  delay  required  to  capture 
instantaneous  structures  in  a  high  speed  flow. 

An  electrooptical  method  of  image  shifting, 
described  by  Landreth  and  Adrian,'*  is  employed  in 
this  PIV  system.  This  method  uses  a  calcite  crystal 
plate  (Figure  4)  and  takes  advantage  of  the  fact  that 
light  from  one  of  the  Nd;YAG  lasers  is  vertically 
polarized,  whereas  the  output  from  the  other  laser  is 
horizontally  polarized.  The  calcite  plate  has  a  uniaxial 
birefringent  crystal  structure  with  a  different  refractive 
index  for  each  of  the  two  directions  of  light 
propagation  in  the  crystal.  The  calcite  crystal  is  placed 
in  front  of  the  camera  lens  and  passes  the  vertically 
polarized  light  from  the  first  laser  (o-ray)  without 
disturbing  its  path.  The  light  from  the  second  laser. 
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with  opposite  polarization  (e-ray),  is  refracted  as  it 
passes  through  the  calcite  crystal.  The  images  from 
the  second  laser  pulse  are  therefore  shifted  in  a 
direction  which  is  determined  by  the  orientation  of  the 
calcite  crystal  and  a  distance  which  is  proportional  to 
the  thickness  of  the  calcite.  This  simple,  flexible 
approach  used  to  resolve  directional  ambiguity  in 
separated  flows  can  also  be  utilized  in  unseparated 
flows  to  increase  small  scale  velocity  resolution  by 
shifting  out  the  dominant  streamwise  velocity 
magnitude. 

Parameters  for  Successful  PIV 

Keane  and  Adrian^  have  performed  extensive 
numerical  simulations  to  determine  the  important 
parameters  for  PIV  systems  and  to  show  how  these 
parameters  can  be  optimized  to  assure  accurate  PIV 
measurements.  Similar  parameters  were  verified 
experimentally  and  presented  by  Lourenco  and 
Krothapalli.3  It  is  suggested  that  the  image  density  on 
the  photograph  be  large  enough  to  provide  5  to  15 
particle  pairs  for  each  interrogation  region  (typically  on 
the  order  of  1  mm  in  diameter).  Also,  the  displacement 
of  the  particle  pairs  should  not  exceed  30  percent  of 
the  diameter  of  the  interrogation  spot.  By  using  a  fixed 
light  sheet  thickness  and  choosing  the  size  of  the 
interrogation  region,  the  equations  given  by  Keane 
and  Adrian^  can  be  used  to  find  an  estimate  of  the 
laser  pulse  delay  which  will  provide  adequate  results 
for  the  particular  flow  to  be  studied.  For  supersonic 
applications,  the  pulse  delay,  At,  may  be  required  to 
be  as  small  as  200  ns.  The  equations  can  also  be 
used  to  choose  a  At  which  is  small  enough  to  minimize 
errors  caused  by  particles  moving  into  and  but  of  the 
plane  of  the  light  sheet  but  is  large  enough  to  provide 
adequate  velocity  resolution.  When  significant  three- 
dimensional  (out-of-plane)  motion  exists,  particle 
Images  which  are  not  paired  with  other  images 
contribute  to  noise  in  the  interrogation  process, 
reducing  the  number  of  vectors  which  car  be 
accurately  computed. 

Challenges  for  High  Speed  Flow 

Along  with  the  consideration  of  the  criteria 
described  above,  the  application  of  PIV  to  high  speed 
(transonic  and  supersonic)  flows  requires  special 
equipment  and  procedures  that  have  not  been 
needed  for  the  low  speed  flow  applications  for  which 


PIV  has  been  demonstrated  in  the  past.  Some  of 
these  details  have  also  been  addressed  by 
Kompenhans  and  Mocker.  4  The  challenges  and 
issues  facing  PIV  in  high  speed  flows  can  be  arranged 
into  three  categories:  laser  requirements,  particle 
dynamics,  and  imaging  requirements. 

The  acquisition  laser  is  required  to  emit  a 
powerful,  visible  pulse  of  light,  so  that  small  particles 
can  be  captured  on  photographic  film.  The  pulse 
length  must  be  small  to  prevent  image  blur  in  high 
speed  flows,  and  the  pulse  separation  must  also  be 
small,  which  requires  the  use  of  two  separate  laser 
units.  If  only  one  laser  was  used,  its  flashlamp  would 
not  be  able  to  recharge  and  emit  a  consistent  pulse  of 
adequate  power  in  such  a  short  time.  Also,  for 
accurate  velocity  measurement  in  a  high  speed  flow, 
the  pulse  timing  must  be  precisely  calibrated.  These 
requirements  for  precision  and  timing  lend  themselves 
to  digital  control.  For  that  reason,  the  current  PIV 
acquisition  system  is  operated  from  the  previously 
described  Macintosh  II  computer  and  the  lasers  are 
triggered  with  the  Stanford  box,  which  is  calibrated  to 
*5  ps. 

With  any  laser  diagnostic  technique,  proper 
flow  seeding  is  critical  for  good  results.  The  particles 
used  in  high  speed  flows  must  be  very  small  (on  the 
order  of  1  pm  or  less)  to  accurately  follow  the  flow. 
The  particles  are  also  required  to  scatter  enough  light 
tor  photography  and  to  maintain  the  polarization  of  the 
light  they  scatter  so  that  electrooptical  image  shifting 
can  be  used.  Silicone  oil  droplets  from  a  TSI  six-jet 
atomizer,  with  an  average  diameter  of  about  0.8  pm. 
have  been  used  successfully  in  this  PIV  system  and 
have  been  shown  to  maintain  light  polarization  due  to 
their  spherical  shape. 

Finally,  the  particle  images  that  are  recorded  on 
photographic  film  for  interrogation  must  meet  two 
requirements.  The  images  (which  are  larger  than  the 
actual  particles  due  to  diffraction)  must  be  small 
enough  to  resolve  small  scale  turbulence.  There  must 
also  be  an  adequate  image  density  so  that  there  are 
enough  particle  image  pairs  within  each  interrogation 
region  to  provide  accurate  results.  These  problems 
are  addressed  by  using  a  4”  x  5"  camera  when 
necessary  and  by  using  local  seeding  to  increase 
seed  density. 
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Interrogation  Svsf  m 

Eouioment 

The  interrogation  system  uses  a  double- 
exposed  photograph  from  the  acquisition  process  and 
examines  the  particle  images  to  determine  the  velocity 
vector  field.  The  photographic  negative  from  the  wind 
tunnel  is  positive  printed  on  4*  x  5*  portrait  film  such 
that  the  background  is  dark  and  the  particle  images 
are  transparent.  Spedai  techniques,  such  as  under¬ 
exposing  the  negative  and  over-developing  the 
positive,  are  used  to  increase  the  contrast  between  the 
images  and  the  background.  The  photographic 
positive  is  then  sandwiched  between  two  glass  plates 
and  mounted  on  a  two-dimensional  Aerotech 
positioner. 

The  entire  interrogation  process  is  controlled  by 
a  Macintosh  II  workstation  (separate  from  the 
Macintosh  II  used  to  control  the  acquisition  system). 
The  interrogation  computer,  which  is  based  on  the  16 
MHz  Macintosh  II  design,  has  been  modified  to 
increase  its  speed,  capabilities,  and  disk  storage.  The 
processor  has  been  replaced  with  a  unit  which 
operates  at  50  MHz.  The  other  primary  speed 
advantage  comes  from  a  Mercury  array  processor. 
This  board,  when  installed  in  the  computer,  works  as  a 
second  central  processing  unit  (CPU),  allowing 
parallel  processing.  While  some  operations  are  being 
controlled  by  the  Macintosh  CPU,  the  array  processor 
can  be  simultaneously  dedicated  to  other  numerical 
tasks.  The  array  processor  operates  at  speeds  up  to 
20  Mflops  (million  floating  point  operations  per 
second)  and  is  used  for  mathematical  and  scientific 
programming  applications  including  large  matrix 
operations  and  two-dimensional  fast  Fourier 
transforms  (FFTs). 

The  image  processing  proceeds  as  follows  (see 
Figure  5  for  a  schematic  of  the  interrogation  process). 
A  Uniphase  5  mW  Helium-Neon  (HeNe)  laser  is  used 
as  a  light  source  to  illuminate  a  small  portion  of  the 
particle  image  photograph  (called  the  interrogation 
spot).  The  photograph  is  mounted  on  the  two- 
dimensional  positioner  for  movement  to  successive 
interrogation  spots.  The  entire  process  is  controlled 
by  the  computer,  with  each  spot  being  imaged  onto 
the  CCD  array  camera  and  digitized  for  mathematical 
manipul.Ziion  before  moving  to  a  new  location.  The 
camera  used  to  record  the  illuminated  interrogation 


region  is  a  Sierra  Sdentific  solid-state  video  camera 
A  Perceptics  frame-grabber  or  video  digitizer  is  used 
to  transfer  a  single  frame  of  video  information  to  the 
computer.  The  video  image  is  formatted  by  the  frame- 
grabber  into  a  two-dimensional  array  of  512  x  512  8- 
bit  integers,  with  a  value  of  zero  corresponding  to  the 
darkest  part  of  the  image  and  a  value  of  255  for  the 
brightest.  The  video  camera  records  only  black  and 
white  (grey-scale)  images. 

Young's  Fringe  Method 

The  single  most  important  facet  of  the 
interrogation  process  is  the  manipulation  which  is 
done  to  the  illuminated  interrogation  region  optically 
(prior  to  input  into  the  camera)  aixf  digitally  (within  the 
computer  workstation  and  array  processor).  The 
Young's  fringe  method  of  analysis  starts  with  the  light 
source,  which  is  required  to  be  collimated  for  this 
method.  The  HeNe  laser  beam  is  passed  through  a 
neutral  density  filter  and  a  spatial  filter  as  shown  in 
Figure  6.  The  neutral  density  fitter  consists  nree 
polarizing  filters  whose  orientation  can  be  varied  to 
control  the  intensity  of  the  beam.  The  spatial  filter 
consists  of  a  pinhole  and  a  microscope  objective 
which  are  used  to  clean  up  the  beam  and  create  a 
more  Gaussian  intensity  distribution.  When  a 
microscope  objective  is  placed  one  focal  length  from 
the  pinhole,  the  beam  exiting  the  spatial  filter  is 
collimated,  as  is  the  original  HeNe  beam.  Before  the 
beam  is  passed  through  the  photograph,  a  mask 
made  of  thin  brass  material  (with  holes  varying  from 
0.4  to  1 .5  mm  in  diameter)  is  used  to  adjust  the  size  of 
the  interrogation  region. 

When  the  collimated  light  source  is  passed 
through  the  particle  image  photograph,  the  light  which 
is  transmitted  through  the  particle  image  pairs  in  the 
interrogation  region  creates  a  diffraction  pattern  in  the 
far  field.  By  placing  the  PIV  photograph  at  the  front 
focal  point  of  the  plano-convex  lens  and  the  CCD 
video  camera  at  the  rear  focal  point,  the  diffraction  or 
fringe  pattern  is  imaged  into  the  computer  via  the 
video  camera  and  frame-grabber.  This  interference 
pattern,  called  Young's  fringes,  represents  the  power 
spectral  density  (magnitude  squared)  of  the  two- 
dimensional  Fourier  transform  of  the  particle  images  in 
the  interrogation  region. 

Inside  the  computer,  this  digitized  fringe  pattern, 
now  represented  by  an  array  of  512  x  512  unsigned 
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integers  between  0  and  255,  is  downloaded  into  the 
array  processor  where  a  second  two-dimensional 
Fourier  transform  is  performed  dgitally.  This  second 
transform  is  called  a  fast  Fourier  transform  (FFT).  The 
FFT  refers  to  an  algorithm  which  more  quickly  and 
efficiently  computes  the  discrete  Fourier  transform  of  a 
data  sample  set.  When  the  power  spectral  density  of 
this  second  transform  is  computed,  the  resulting  array 
of  numbers  is  referred  to  as  the  spatial  correlation  or 
autocorrelation  plane.  The  Young's  fringe  method  of 
image  manipulation  is  shown  in  Figure  7.  For  the 
present  application,  the  spatial  correlation  output 
includes  a  large  central  (autocorrelation)  peak 
surrounded  by  two  smaller  signal  peaks.  The  signal 
peaks  are  symmetrically  located  opposite  the 
autocorrelation  peak.  The  center  peak  represents  the 
correlation  of  each  particle  image  with  respect  to  itself 
(zero  displacement),  whereas  each  signs'  peak 
represents  the  correlation  of  each  particle  image  with 
respect  to  its  image  pair.  The  distance  from  the  center 
peak  to  a  side  peak  is  directly  proportional  to  the 
average  displacement  of  the  particle  images  in  the 
interrogation  spot  and  is  inversely  proportional  to  the 
spacing  of  the  Young's  fringes.  The  location  of  the 
side  peak  with  respect  to  the  center  autocorrelation 
peak  also  represents  the  direction  of  displacement  of 
the  particle  images.  Since  the  average  displacement 
of  the  particles,  the  magnification  of  the  photograph, 
and  the  time  delay  of  the  acquisition  laser  pulse  are 
now  known,  a  velocity  vector  (magnitude  and 
direction)  can  be  computed  for  the  interrogation  spot. 

It  should  be  noted  that  the  two  symmetric  signal 
peaks  represent  equal  and  opposite  velocity  vectors. 
This  is  the  directional  ambiguity  problem  that  was 
discussed  previously.  When  searching  for  the  signal 
peak,  it  is  assumed  that  the  images  have  been  shifted 
during  the  acquisition  phase  to  assure  positive  image 
displacements.  Then  only  the  right  half-plane  of  the 
spatial  correlation  is  examined. 

Autocorrelation  Method 

The  second  method  used  for  interrogation  is 
called  the  autocorrelation  method.  Instead  of  using 
the  optical  setup  described  in  the  previous  section 
(Figure  6),  the  beam  mask  is  not  used  and  a  diverging 
beam  is  passed  through  the  photograph.  A  large 
portion  of  the  photograph  is  then  illuminated,  and  the 
spot  size  is  set  by  adjusting  the  distance  between  the 


CCD  camera  and  photograph.  Instead  of  using  a 
plano-convex  lens  (as  before),  a  microscope  objective 
is  placed  between  the  photo  and  the  camera.  As  a 
result,  the  particle  images  in  the  interrogation  spot  are 
imaged  directly  onto  the  camera  and  are  passed  into 
the  computer/array  processor,  where  two  digital  fast 
Fourier  transforms  are  performed.  The  power  spectral 
density  of  the  first  transform  is  found  before  computing 
the  second  FFT  and  represents  the  Young's  fringe 
pattern  which  was  previously  found  optically.  The 
power  spectral  density  of  the  second  transform  is  the 
autocorrelation  plane.  The  signal  peak  in  the  hght 
half-plane  of  the  spatial  correlation  can  then  be 
located  and  a  velocity  vector  can  be  computed  for  the 
interrogation  region,  as  with  the  Young's  fringe 
technique. 

The  autocorrelation  method  differs  from  the 
Young's  fringe  method  in  two  significant  ways;  the 
complexity  of  the  interrogation  optics  is  decreased  but 
the  computational  time  is  increased.  The  optics  are 
simplified  primarily  because  the  light  source  need  not 
be  collimated,  as  in  the  Young's  fringe  method. 
However,  the  time  required  to  compute  a  velocity 
vector  at  each  interrogation  spot  is  increased  with  this 
method  since  a  second  FFT  must  be  performed  by  the 
computer.  As  a  result,  the  autocorrelation  method 
presently  takes  approximately  4.0  seconds  per 
interrogation  spot,  whereas  the  Young's  fringe  method 
requires  only  about  2.3  seconds  per  spot.  For  a  field 
of  10,000  vectors  (a  100  x  100  array),  this  represents  a 
total  interrogation  time  of  11.1  and  6.4  hours, 
respectively. 

The  main  advantage  of  the  autocorrelation 
method  is  in  its  flexibility.  Because  the  particle  images 
are  focused  directly  onto  the  camera,  the  size  of  the 
interrogation  region  can  be  easily  varied.  Also,  a  very 
large  interrogation  spot  can  be  imaged  onto  the 
camera  and  then  sub-divided  within  the  computer  into 
smaller  spots  (but  with  reduced  pixel  resolution)  as 
shown  in  Figure  8.  With  the  Young's  fringe  method, 
on  the  other  hand,  the  resolution  is  effectively  fixed  at 
the  pixel  resolution  of  the  camera.  Prasad,  et  al.5 
demonstrated  that  reduced  pixel  resolution  does  not 
significantly  affect  accuracy  in  all  cases,  so  this 
windowing  process  can  dramatically  reduce 
interrogation  time  without  significantly  sacrificing  the 
quality  of  the  results. 


-5 


Post-ProcassinQ 

Whan  a  photograph  is  intarrogated,  the  raw 
data  must  ba  post-processed  to  subtract  any  image 
shifting  and  to  remove  erroneous  vectors.  After  the 
image  shift  is  removed,  the  velocity  vectors 
corresponding  to  the  largest  signal  peak  in  the 
autocorrelation  plane  are  computed.  Then  any  bad 
vectors  are  found  and  replaced  by  the  vector 
corresponding  to  the  second  largest  signal  peak  or  by 
interpolating  from  nearby  vectors.  A  method  using 
multiple  linear  regression,  as  suggested  by  Landreth 
and  Adrian, 6  has  been  implemented  for  this 
interpolation  process.  Generally  the  data  yield  for  the 
two  largest  signal  peaks  is  greater  than  90%.  That  is, 
less  than  10%  of  the  vectors  are  erroneous  and  need 
to  be  interpolated. 

The  data  can  also  be  smoothed  by  convoluting 
the  vector  field  with  an  axisvmmetric  Gaussian  kernel 
to  remove  any  high  frequency  noise  in  the  data.  This 
smoothing  process,  which  is  also  detailed  in 
Reference  6,  has  been  implemented  in  this  system. 

Rgaults 

Interrogation  System  Validation 

A  test  photograph  was  created  and  used  to 
check  the  repeatability  and  accuracy  of  the 
interrogation  system.  For  the  test,  dots  representing 
particle  images  were  computer  generated  and  laser 
pnnted  to  plain  white  paper.  This  paper  was  then 
imaged  and  exposed  on  4’  x  5*  portrait  film  to  create  a 
PIV  photograph  with  a  dark  background  and 
transparent  particle  images.  This  method  of  producing 
test  photographs  was  used  in  an  attempt  to  accurately 
simulate  the  effects  of  the  photographic  process  on  the 
particle  images.  Those  aspects  missing  in  this  method 
are  the  non-uniformity  of  the  particle  images  and  the 
diffraction  effects  caused  when  the  acquisition  lasers 
illuminate  the  seed  particles. 

The  test  photograph  had  particle  pairs  with 
constant  'ilsplacements  randomly  placed  throughout 
the  pho..j  The  resulting  particle  images  were 
approximately  50-60  pm  in  diameter  and  were  present 
on  the  photo  in  a  density  of  about  10  pairs  per  mm^. 
Four  separate  regions,  each  with  constant 
displacements  of  93.  140,  187,  and  233  pm  were 
present  on  the  photo.  The  photo  was  interrogated 
several  times  with  both  the  Young's  fringe  and 


autocorrelation  methods,  arvl  in  all  cases  the  largest 
signal  peak  tor  each  interrogation  region  yielded  at 
least  98%  good  vectors,  as  documented  by  Rosner.^ 
The  interrogations  were  repealed  with  the  photograph 
oriented  horizontally,  vertically,  and  at  a  45°  angle  to 
derrranstrate  that  there  was  no  directional  bias  present 
with  either  the  Young's  fringe  or  autocorrelation 
method  of  analysis.  Once  again,  the  data  yield  was  at 
least  98%  and  the  standard  deviation  of  the 
determined  displacement  was  less  than  2.5%  of  the 
actual  displacement. 

It  should  also  be  noted  that  there  is  a  slight 
error  inherent  in  the  test  photograph  itself.  This  is 
caused  when  the  particle  pairs  are  laser  printed  and 
when  the  laser  printer  output  is  reduced  and  printed 
on  the  4*  X  5*  film.  The  particle  displacements  can 
vary  as  much  as  10  pm  from  the  intended  (constant) 
displacement,  thereby  accounting  for  some  of  the 
variations  determined  in  the  interrogation  process. 

Free  Jet  Example 

To  demonstrate  the  PIV  acquisition  and 
interrogation  systems,  the  low  speed  flow  exiting  from 
a  tube  was  studied.  This  axisymmetric  free  jet 
example  was  used  to  study  seeding  and  photographic 
techniques  as  well  as  to  practice  interrogation  and 
post-processing  procedures.  A  schematic  of  the  free 
jet  setup  is  shown  in  Figure  9.  The  flow  exiting  the 
25.4  mm  diameter  tube  has  a  maximum  velocity  of  2.1 
m/s  and  was  seeded  with  silicone  oil  droplets.  To 
resolve  directional  ambiguity,  the  images  of  the 
particles  at  the  second  laser  pulse  were  shifted 
vertically  using  the  calcite  crystal  technique. 

A  plot  of  the  raw  velocity  data  with  the  image 
shift  removed,  but  including  bad  vectors,  is  shown  in 
Figure  10.  A  grid  of  102  horizontal  and  101  vertical 
data  points  (10302  total  vectors)  was  interrogated  with 
a  position  increment  of  Ax=Ay=0.5  mm.  The 
autocorrelation  method  was  used  with  a  square 
interrogation  region  of  1.1  by  1.1  mm.  During  post 
processing,  examination  of  the  two  largest  signal 
peaks  yielded  nearly  95%  good  vectors.  The  vector 
map  resulting  after  the  bad  vectors  were  found, 
removed,  and  interpolated  is  presented  in  Figure  1 1 . 
The  vectors  presented  in  Figure  1 1  were  not 
smoothed  during  post-processing.  Large  scale 
structures  can  be  seen  at  the  edges  of  the  jet, 
particularly  at  the  top  of  the  jet. 
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A  shaded  contour  plot  ot  the  absolute  velocity  of 
the  free  jet  is  shown  in  Figure  12.  The  higher 
velocities  experienced  near  the  top  of  the  jet  can  be 
attributed  to  a  90**  bend  in  the  tube  before  it  enters  the 
test  section  (see  Figure  9),  resulting  in  a  non-uniform 
velocity  distribution  at  the  nozzle  exit. 
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Coneluilone 

A  particle  image  velocimetry  system  has  been 
designed  and  constructed  for  use  in  wind  tunnel  flows 
with  the  extra  requirements  of  high  speed  flow 
applications  in  mind.  An  acquisition  system  with 
directional  resolution  capability  has  been 
implemented  and  demonstrated  on  a  low  speed  flow 
case  using  all  of  the  components  and  techniques 
required  for  a  high  speed  flow.  The  interrogation 
system  equipment  nas  been  integrated  into  a 
successful  image  processing  system  for  examining  the 
double-exposed  photographs  from  the  acquisition 
phase  and  for  post-processing  the  results.  Both  the 
Young's  fringe  and  autocorrelation  methods  of 
interrogation  have  been  validated  with  a  computer 
generated  test  photograph. 

Because  the  present  PIV  system  was  designed 
to  be  used  in  high  speed  flow  applications,  the  next 
step  is  to  demonstrate  it  on  such  flows.  A  transonic 
base  flow  facility  has  been  modified  for  use  with  PIV 
by  installing  windows  in  the  top  and  bottom  walls  of 
the  test  section  and  by  installing  a  system  for  injecting 
silicone  oil  seed  into  the  tunnel.  It  is  intended  that  PIV 
results  will  be  compared  with  previous  experimental 
studies  of  this  flowfield  by  Kruiswyk  and  Outton^  and 
also  computational  results  by  Rudy.^ 
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Figure  1:  Principle  of  PIV  Figures:  Calcite  Crystal  Image  Shift 
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Figure  2:  PIV  Acquisition  System  Figure  5:  Interrogation  System  Schematic 
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Alisiraci 

A  particle  image  velocimetry  (PIV)  system  has 
been  developed  ftH*  use  in  high-speed  sqjaiated  air  flows. 
The  image  acquisition  system  uses  two  550  mJ^ulse 
Nd:YAG  lasers  and  is  fully  conuolled  by  a  host 
Macintosh  computer.  The  interrogation  system  is  also 
Macintosh-based  and  performs  interrogations  at 
approximately  2.3  sec/spot  and  4.0  sec/spot  when 
using  the  Young's  fringe  and  autocorrelation  methods, 
respectively.  The  system  has  been  proven  in 
preliminary  experiments  using  known-displacement 
simulated  PIV  photographs  and  a  simple  axisymmetric 
jet  flow.  Further  results  have  been  obtained  in  a 
transonic  wind  tunnel  operating  at  Mach  0.4  to  0.5 
(135  m/s  to  170  m/s).  PIV  experiments  were  done 
with  an  empty  test  section  to  provide  uniform  flow  data 
for  comparison  with  pressure  and  LDV  data,  then  with  a 
two-dimensional  base  model,  revealing  features  of  the 
von  Karman  vortex  street  wake  and  underlying  small 
scale  turbulence. 

Introduction 

Experimental  investigation  of  turbulent  and 
compressible  flows  has  become  increasingly 
sophisticated  in  recent  years  with  the  advent  of  laser- 
based  measurement  techniques.  Among  these  tools  is  a 
relatively  new  technique  called  particle  image 
velocimetry  (PIV).  PIV  is  performed  by  illuminating  a 
seeded  flowfield  with  a  planar  laser  sheet  which  is 
pulsed  at  a  known  time  interval,  forming  two  or  more 
images  of  each  seed  particle  within  the  light  sheet  (Fig. 
1).  After  recording  these  images  on  film  or  another 
medium,  image  separations  and  therefore  velocities  can 
be  determined  for  the  entire  plane  Unlike  pointwise 
techniques  such  as  laser  Doppler  velocimetry  (LDV) 
which  provides  statistical  velocity  data  on  a  point-by¬ 
point  basis,  PIV  has  the  ability  to  identify 
instantaneous  flow  structures  which  may  be  random  in 
nature  but  important  to  the  overall  behavior  of  the  flow. 
PIV  also  reveals  planar  views  of  three-dimensional  flow 
structures  which  are  smeared  by  volume  integration 
inherent  in  techniques  such  as  schlieren  photography. 

*  Graduate  Research  Assistant 

•*  Professor.  Associate  Fellow  AIAA. 


Other  advantages  include  the  ability  to  obtain  PIV 
images  quickly,  allowing  shorter  nm  times,  larger  test 
sections,  and  higher  Mach  numbers. 

Prv  has  only  it*cemly  been  extended  to  high-^ieed 
applications^*^  due  to  many  difficulties  in  the 
acquisition  of  usable  PIV  images.  One  of  the  most 
important  considerations  in  high-speed  applicaiitms  is 
obtaining  adequate  seed  density  for  successful 
interrogation  at  all  locations.  Since  most  high-speed 
wind  tunnels  are  IKK  tecirculatory.  high  seed  density  can 
only  be  olMained  by  injecting  a  large  mass  of  seed  with 
the  flow.  Local  seeding  in  areas  of  interest  can  be  a 
solution,  but  injection  may  need  to  be  done  upstream  of 
flow  conditioning  devices  and  nozzles  whi(±  partially 
disperse  the  seed.  Difficulty  also  arises  in  obtaining 
sufficient  seeding  in  separated  zones  of  the  flow  (behind 
bases,  sups,  etc.).  Experience  with  both  PIV  and  LDV 
shows  that  seed  density  in  these  areas  is  generally 
sparse,  causing  significant  data  dropout.  Another 
concern  is  the  choice  of  seed  particles  that  are  small 
enough  to  follow  large  velocity  gradients  while  still 
scattering  sufficient  light  to  expose  film.  The  seeding 
material  is  also  restricted  to  spherical  particles  when 
elecuooptical  image  shifting^  is  used  to  resolve  the 
directional  ambiguity  of  image  displacements  in  high¬ 
speed  separated  flows.  Image  shifting  involves  shifting 
the  second  image  of  every  particle  by  a  known  distance 
to  assure  that  the  direction  o.'  image  displacement  is 
known  over  the  entire  PIV  photograph.  Electrooptical 
image  shifting  is  done  by  using  vertically  and 
horizontally  polarized  light  for  the  two  illumination 
pulses,  then  photographing  the  flowfield  through  a 
birefringent  calcite  crystal  which  shifts  one  polarization 
of  light  (and  therefore  one  set  of  images)  by  a  known 
distance.  Maintenance  of  the  polarization  in  sidescatter 
from  seed  particles  requires  ^herical  particles  according 
to  Mie  scattering  theory.  After  image  displacements  are 
determined  from  the  photo,  the  "sluft  di^lacemem"  is 
subtracted  off  to  return  the  actual  flowfield 
displacements  (and  velocities). 

Laser  requirements  are  also  a  factor  in  the  use  of 
prv  for  high-speed  ^plications.  In  order  to  illuminate 
small  seed  particles,  high  power  in  the  visible  spectrum 
is  a  necessity.  Kompenhans  and  Hocker^’^  have  used  a 
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Nd: YAG  system  with  70  tnJ^?uise  for  leoxtiing  images 
on  3S  mm  film,  but  when  necessary,  resolution  of 
small-scale  velocity  fluctuations  in  high-speed  test 
sections  requires  the  use  of  larger  format  film  to  reduce 
diffraction-limited  image  sizes  and  to  avoid  film  grain 
limitations.  The  larger  film  area,  in  turn,  requires  much 
greater  illumination.  The  high  laser  energy  must  also 
be  combined  with  very  short  pulse  durations  to  prevent 
image  blur  which  reduces  the  rest  .jtion  of  velocity 
measurements.  Typical  supersonic  flow  speeds  require 
pulse  durations  on  the  order  of  10  ns  (v  less. 

Equipment 

A  diagram  and  accompanying  control  schematic  of 
the  PIV  acquisition  syston  are  shown  in  Figs.  2  and  3. 
The  acquisition  system  refers  to  the  equipment  used  to 
obtain  double-exposed  particle  image  phoiogrqihs  of  the 
flowfield  of  interest.  This  system  uses  two  Continuum 
YG681C-10  lasers.  Two  separate  units  are  required 
since  a  single  laser  cannot  generate  two  distinct,  equal 
energy  pulses  in  the  short  time  interval  required  for 
h’gh-sp^  flows.  The  YG681C-10  is  a  Nd:YAG  laser 
equipped  with  a  frequency  doubling  crystal  to  provide  an 
output  pulse  energy  of  5S0  mJ/pulse  at  a  wavelength  of 
S32  nm  (green  light)  with  a  pulsewidth  of  only  4-6  ns. 
Although  PIV  has  also  been  performed  with  pulsed  ruby 
lasers,  high-resolution  black-and-white  films  are  much 
more  sensitive  to  the  green  wavelength  output  of 
Nd:YAG  lasers  than  to  the  red  wavelength  output  of 
ruby  lasers.  The  high  visibility  of  the  green  beam 
output  also  simplifies  alignment  of  the  two  beams 
which  is  a  critical  factor  in  obtaining  double  exposures 
of  particles  in  the  flow.  The  horizontally  and  vertically 
polarized  beams  of  the  two  lasers  are  combined  by  a 
polarized  beam  splitter,  then  shaped  by  spherical  and 
cylindrical  lenses  to  form  a  planar  beam  profile  with  a 
waist  thickness  of  0.4  mm  and  an  adjustable  width  of 
75  mm  to  125  mm. 

The  photographic  recording  of  particle  images  is 
done  by  a  camera  mounted  on  the  same  optical  table  as 
the  lasers  and  beam  shaping  opticr  This  allows 
maintenance  of  the  relative  position  of  all  optical 
components  for  consistent  alignment  and  focus.  This 
table  is  also  mounted  on  vibration-isolated  supports  to 
avoid  the  effects  of  laboratory  vibrations.  The  camera 
mount  can  be  used  with  a  35  mm,  6x8  cm,  or 
4"  X  5”  camera.  The  35  mm  camera  used  is  a  Canon 
EOS  630  with  autowind,  electronic  shutter,  and  a 
100  mm  macro  lens.  It  is  most  useful  for  automated 
multiple  photograph  runs  since  it  can  be  operated 
remotely  and  allows  36  photographs  on  a  single  film 
roll.  A  modified  Fuji  GX680  6  x  8  cm  camera  with 
the  same  features  and  a  300  mm  copy  lens  can  also  be 
used.  This  camera  uses  120  film  which  allows  up  to 
9  frames/roll.  The  system  has  also  been  used  with  a 
modified  4"  x  5"  camera  with  a  manual  shutter  and 


120  mm  lens,  but  since  it  can  take  only  one  frame 
before  reloading,  it  is  only  useful  when  the  higlrest 
possible  resolution  of  particle  images  fot  determination 
(d  small  scale  turbulent  motions  is  necessary. 

Autmnation  of  the  acquisiticm  system  is  a  key  for 
shtxt  run-tiine  test  sections  and/cnr  multiple  phou^r^rhs 
for  random  uqiiure  of  unsteady  structures  in  various 
stages  of  development  Qmirol  of  this  syston  is  done 
by  a  Macintosh  II  computer  equqrped  with  a  digital  I/O 
board  and  solid  state  module  switches.  Through 
software,  the  computer  controls  triggering  of  the 
Stanfcsd  Research  pulse  generator  for  operation  of  the 
lasos,  the  camera  shutter,  and  seetto  ^ve  switches. 
When  started,  the  operation  proceeds  by  triggering  the 
lasers  for  a  user-specified  warm-iq>  period  to  allow  start- 
iq>  of  the  wind  tunnel  and  thermal  equilibration  of  the 
lasers.  The  seed  valve  is  then  open^  and  there  is  a 
user-specified  delay  time  (with  the  lasers  still  tqieradng) 
to  allow  seed  to  propagate  to  the  test  section.  The 
camera  shutter  is  then  triggered  for  the  qiecified  number 
of  photognqihs,  followed  by  shutdown  of  the  lasers, 
seeders,  and  camera. 

Various  seed  types  have  been  examined  for  tracking 
and  optical  performance,  resulting  in  the  choice  of 
^cone  oil  seed  generated  by  a  TSI  six-jet  atomizer. 
The  polydispersed  atomized  droplm  have  a  mean 
diameter  of  0.8  pm  and  show  good  response  to  the 
velocity  gradient  across  an  oblique  shock  wave^.  Test 
photographs  also  show  good  performance  for  image 
exposure  intensity  and  for  electroqitical  image  shifting. 

After  the  negatives  are  processed  for  high  contrast 
(to  increase  signal-to-noise  ratio)  and  contact  printed 
onto  film  for  photographic  positives,  the  photogr^hs 
are  examined  using  an  automated  interrogation  system 
controlled  by  a  'Dash  30’  modified  Macintosh  II 
computer  operating  at MHz  (Fig.  4).  In  high  image 
density  photographs,  statistical  methods  must  be 
employed  to  determine  the  average  particle  image 
di^lacement  in  each  small  region  of  the  photograph. 
This  is  done  by  examining  a  small  region  of  the  photo 
(an  interrogation  spot)  and  deriving  the  spatial 
autocorrelation  for  that  region.  The  location  of  the 
highest  signal  peak  in  the  spatial  autocorrelation 
corresponds  to  the  most  likely  correlation  distance 
(particle  image  displacement)  in  the  interrogation  spot. 
Simply  explained,  the  spatial  autocorrelation  is  derived 
by  performing  two  2-D  Fourier  transforms  on  the 
interrogation  spot.  This  is  most  commonly  done  by 
either  the  "Young's  fringe"  method  where  the  first 
transform  is  done  optically  and  the  second  is  done 
digitally  by  fast  Fourier  transform  (FFT),  or  the 
"autocorrelation"  method  where  the  original 
interrogation  spot  image  is  digitized  and  both 
transforms  are  done  by  digital  FFTs. 

In  this  system,  the  PIV  photograph  is  mounted 
between  glass  plates  on  a  two-dimensional  Aerotech 
positioner  system  to  scan  the  photograph  spot  by  spot 
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with  a  fixed  S  mW  HeNe  illumination  beam  and  optics. 
The  HeNe  beam  is  first  spatially  filtered  to  eliminate 
high-frequency  intensity  variations  which  could  add 
noise  to  the  illuminated  interrogation  spot.  The 
remainder  of  the  optics  are  set  to  image  either  the  actual 
particle  images  (autocorrelation  method)  or  the  far-field 
diffraction  pattern  (Young's  fringe  method). 

The  image  is  received  by  a  Sierra  Scientific  CCD 
array  camera  equipped  with  a  HeNe  bandpass  filter  to 
eliminate  room  light  interference.  The  image  is 
digitized  by  a  frame  grabber  board  to  a  S12  x  512 
element  array  with  8-bit  grayscale  (256  gray  levels)  and 
is  passed  to  a  Mercury  MC3200-NU  array  processor 
which  performs  FFTs  and  other  array  operations  to 
obtain  the  two-dimensional  autocorrelation  of  the 
original  image.  The  anay  processor  then  uses  a 
centroidal  peak-finding  routine  to  locate  the  two 
strongest  autocorrelation  peaks.  These  peak  locations 
are  stored  as  the  most  likely  image  displacements  for 
that  interrogation  spot  and  the  process  begins  again  for 
the  next  spoL 

After  the  full  vector  field  is  determined,  post 
processing  must  be  done  to  refine  the  data.  As  a  first 
pass,  the  vector  field  is  checked  by  a  routine  that  looks 
for  bad  vectors  that  are  outside  of  user-specified  absolute 
limits  and  replaces  them  with  the  second  peak  for  that 
location  if  it  is  acceptable,  or  with  a  default  value  to 
indicate  a  bad  measurement.  The  few  remaining 
spurious  velocity  vectors  are  manually  removed  and 
replaced  with  the  aforementioned  default  value.  Another 
automated  routine  then  searches  for  default  values  and 
replaces  them  with  values  interpolated  from  valid 
neighboring  vectors  using  multiple  linear  regression. 
The  vector  field  is  then  smoothed  by  convolution  with  a 
Gaussian  kernel  as  described  by  Landreth  and  Adrian^  to 
eliminate  random  noise  in  the  vector  field  caused  by 
image  imperfections,  video  noise,  and  other  factors. 
This  is  crucial  when  spatial  differentiation  is  to  be 
performed  on  the  vector  field  to  derive  quantifies  such  as 
vorticity  since  any  high-frequency  random  error  will  be 
accentuated  in  the  derivatives. 

Results 

Interrogation  System  Validation 

Validation  of  the  PIV  system  first  involved  testing 
of  the  interrogation  system.  As  a  first  check  on  the 
accuracy  of  the  autocorrelation  output  and  the  associated 
image  processing  software,  an  interrogation  was 
performed  on  a  known  uniform  dot  pattern  with  a 
spacing  of  133  dots/inch  in  both  the  horizontal  and 
vertical  directions.  After  analysis,  peaks  in  the  spatial 
autocorrelation  output  were  cmnpared  to  the  original  dot 
pattern.  The  peak  spacing  was  found  to  match 
identically  with  the  original  dot  pattern.  This  is 
expected  for  a  uniform  pattern  since  each  dot  correlates 


perfectly  with  itself,  the  closest  neighbor  in  each 
direction,  the  second  closest  neighbor,  oc. 

Tests  were  then  done  with  known-displacement 
simulated  PIV  photographs.  The  most  accurate 
simulation  used  two  photographs  of  uniform 
displacement  image  pairs,  each  with  a  different 
displacement.  The  photographs  were  made  by  first 
printing  a  randomly  spaced  dot  pauem  on  an 
8-1/2*  X  11”  sheet  A  photogr^h  of  the  unpaired 
images  was  then  made  onto  4*  x  5*  Kodak  Technical 
Pan  4415  film  in  an  enlarger.  This  unpaired  image 
pcmtive  (clear  dots  on  a  dart  background)  was  then 
attached  to  a  translation  stage  and  idaced  over  unexposed 
film  for  contact  printing.  Exposures  were  made  in  the 
initial  position  and  with  the  positive  displaced  a  given 
distance  by  the  translation  stage,  assuring  uniform 
image  displacements.  The  resulting  paired  image 
negative  was  again  contact  printed  onto  film,  resulting 
in  the  desired  paired  image  positive.  Two  photographs 
were  made  with  displacements  of  approximately 
100  |im  and  2(X)4m.  The  photographs  were  then 
examined  under  a  14X  stereo  rrucroscope  equipped  with 
a  measuring  reticule  marked  in  5  pm  increments  to 
determine  the  actual  di^lacements  as  shown  in  Table  1. 
Both  photos  had  approximately  12.5  image  pairs/mm^ 
and  the  image  diameters  varied  from  20  pm  to  50  pm. 
Tliis  variation  in  image  size  and  other  photographic 
effects  due  to  the  multiple  printing  of  the  images  creates 
a  good  simulation  of  real  PIV  photographs,  excq)t  for 
the  presence  of  unpaired  images  which  occurs  in  real 
flowfields  due  to  out-of-plane  motion.  Interrogations 
were  made  of  each  photograph  at  10.000  locations  with 
the  results  shown  in  Table  1.  The  statistics  shown 
were  calculated  using  only  "good”  data  falling  within 
±17  pm  of  the  mean  displacement  in  each  direction, 
which  was  over  90  %  of  the  total  for  both  photos.  Bad 
vector  replacement  and  smoothing  were  not  done  in 
order  to  preserve  the  true  error  in  the  interrogation.  The 
photos  were  interrogated  at  approximately  a  45°  angle  of 
inclination  to  examine  interrogation  measurement  errors 
in  both  the  x-  and  y-directions.  The  data  reveal  that  the 
standard  deviation  of  the  interrogated  displacements  is 
approximately  equal  for  both  photos.  This  is  an 
expt  'ted  result  since  the  random  error  in  displac^nent 
should  be  proportional  to  the  particle  image  diameter 
and  not  the  magnitude  of  displacement^.  For  a  mean 
particle  diameter,  dp,  of  35  pm,  the  random  error  is 
approximately  6  %  of  dp.  It  should  be  noted  that 
although  photographic  imperfections  and  other  factors 
in  real  PIV  photos  may  tend  to  increase  this  error  ratio, 
the  use  of  vector  field  smoothing  will  tend  to  reduce  the 
random  error  significantly  as  mentioned  in  the  preceding 
section.  The  mean  interrogated  displacement  for 
Photo  2  is  taken  as  exactly  187  pm  since  it  was  used 
as  the  reference  for  derermitung  the  pixel-to-pm  scaling 
factor.  The  mean  interrogated  displacement  for 
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Photo  1  matches  the  actual  displacement  to  within 
1  %,  showing  no  evidence  of  mean  bias  enor. 

The  inieiTOgadon  system  was  also  used  to  analyze 
an  actual  PIV  photograph  of  turbulent  channel  flow 
with  published  results^.  The  result  of  the  interrogation 
is  not  shown  here  due  to  space  limitations,  but  it 
showed  similar  flow  structure  to  the  published  results 
and  had  a  similar  success  rate  of  approximately  95  % 
valid  vectors  found  during  interrogation. 


The  full  PIV  system  has  been  used  to  examine  the 
flow  from  an  axisymmetric  free  jet  test  .*  tand  consisting 
of  a  6"  long.  1"  OJ).  tube  fed  by  a  TSI  dx-jet  atomizer 
witli  silicone  oil  seed  and  an  adjustable  dilution  air 
supply  as  shown  in  Fig.  S.  The  jet  flows  into  an  8*  x 
10"  X  48"  test  section  exhausted  to  atmosphere.  Image 
shifted  PIV  photographs  were  taken  on  both  35  nun 
and  4"  X  5"  film.  Although  the  jet  velocity  is 
relatively  low,  experiments  done  with  this  test  stand 
utilize  all  of  the  same  equiprnem  and  procedures  that  are 
used  for  high-speed  flow  experiments,  including 
seeding,  automated  system  operation,  photographic 
equipment,  high-resolution  film,  electrooptical  image 
shifting  optics,  and  small  image  separations  for  high 
spatial  resolution  of  velocity  measurements.  The 
purpose  of  the  experiments  is  to  demonstrate  the 
operation  and  data  analysis  capabilities  of  the  system. 

The  particle  image  sizes  (in  the  frame  of  reference 
of  the  test  section)  were  measured  from  the  best 
photographs  for  determination  of  spatial  resolution 
limits.  Average  image  diameters  were  approximately 
55  |im  for  35  mm  photos  and  35  tun  for  4"  x  5" 
photos.  The  dynamic  range  of  PIV  measurements  is 
limited  by  the  measurable  image  separations,  giving 


Dynamic  Range = 


AXmin 


0.3(interrogation  spot  diameter) 


image  diameter 


where  the  value  for  maximum  image  separation  is 
recommended  by  Keane  and  Adrian^.  The  maximum 
spatial  resolution  (minimum  interrogation  spot  size)  for 
a  given  image  diameter  and  desired  dynamic  range  can 
then  be  found.  A  reasonable  dynamic  range  estimate 
can  be  as  low  as  five  since  the  ability  to  resolve  slight 
changes  in  average  image  separation  is  a  fraction  of  a 
pixel  (out  of  the  512  pixel  dimension  of  the  image 
array)  when  a  centroidal  peak  finding  routine  is  used  for 
interrogation.  The  estimate  of  a  dynamic  range  of  five 
results  in  the  following: 


Film  Type  35  mm  4"  x  5" 

Image  Dia.  55  pm  35  pm 

Min.  Spot  Size  0.92  mm  0.58  mm 


An  example  PIV  photograph  of  the  free  jet  was 
then  interrogated.  This  photo  was  taken  on  Kodak 
Technical  Pan  4415  4*  x  5*  film  with  a  120  mm  lens 
at  f5.6.  Other  parameters  for  acquisition  and 
interrogation  are  shown  in  Fig.  6. 

Before  a  full  interrogation  was  done,  the 
repeatability  of  measurements  was  checked  by 
interrogating  a  small  region  of  the  photo  then  reseuing 
the  positioner  to  its  original  position  and  re- 
interrogating.  The  results  showed  p^ect  agreement  of 
both  the  first  and  second  peak  loctuitms  for  the  entire 
4x4  grid  of  interrogation  spots.  This  was  also  done 
by  re-interrogating  two  5x5  regions  (total  of  50 
spots)  after  the  full  interrogation  was  completed, 
resulting  in  28  matches  of  both  the  first  and  second 
highest  autocorrelation  peaks,  18  matches  of  the  first 
peak  tmly.  and  4  non-matches.  It  should  be  noted  that 
exact  peak  locations  can  vary  due  to  positioner  error 
over  long  travel  distances  and  random  electronic  noise  in 
video  imaging. 

Removal  and  interpolation  of  bad  vectors  for  the 
fiill  flowfield  showed  a  success  rate  for  valid  vector 
determination  of  qrproximately  94  %.  which  is  quite 
reasonable  in  comparison  to  other  nponed  success  rates. 
The  final  velocity  plot  after  subtraction  of  image  shift, 
interpolation,  and  smoothing  is  shown  in  Fig.  6.  The 
photo  was  interrogated  over  a  50  mm  x  50  mm  area 
with  0.5  mm  increments  in  each  direction,  resulting  in 
10,201  vectors  (101  x  101).  The  full  interrogation 
took  11  hours,  18  minutes  or  4.0sec/spot  using  the 
autocorrelation  method.  Interrogations  using  the 
Young's  fringe  method  took  2.3  sec/spot. 

The  mean  velocity  at  the  uibe  exit  is  approximately 
2.05  m/s.  Examination  of  Fig.  6  shows  typical  vortex 
structures  at  the  edges  of  the  jet  with  a  gradual  decrease 
in  the  centerline  velocity  as  the  jet  propagates 
downstream.  A  plot  of  the  axially  averaged  streamwise 
velocity  component  at  each  transverse  location  is  shown 
in  Hg.  7.  Although  this  spatial  mean  is  not  equivalent 
to  a  time  average  velocity  profile  due  to  spreading  of  the 
jet  over  the  field  of  view,  it  does  reveal  a  general  non¬ 
uniformity  of  the  flow,  implying  that  the  jet  is  not 
truly  axisymmetric.  The  higher  velocity  at  the  top  of 
the  tube  was  induced  by  the  flow  around  a  bend  in  the 
flexible  tubing  just  prior  to  the  straight  section  at  the 
jet  exit.  Although  the  test  flow  is  not  ideal,  the  ability 
to  reveal  such  information  is  part  of  the  purpose  of  this 
experiment 

Identification  of  flow  structures  can  also  be  done  by 
manipulating  the  acquired  velocity  data.  The  vortex 
structure  in  the  upper  right  section  of  Rg.  6  is  shown 
in  Fig.  8(a)  with  a  portion  of  the  mean  streamwise 


velocity  subtracted  and  in  Fig.  8(b)  by  deriving  the  out- 


of-plane  vorticity 


3x  *  3y' 


from  finite  differences  of 


the  original  velocity  data.  Both  reveal  the  expected 


dominant  positive  (CCW)  vorticity  at  the  upper  edge  of 
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the  jet  and  some  resulting  negative  (CW)  vorticity 
between  the  shed  vortices.  Such  analysis  allows 
quantification  of  the  flow  structure  such  as  vortex 
strength  and  position.  Similar  analysis  can  be  done  by 
finding  rate-of-strain.  volumetric  flux,  and  other 
derivative  and  integral  quantities  important  in  a 
particular  flowfleld  to  provide  information  about  the 
nature  of  complex  high-speed  flows.  Low-pass  and 
high-pass  spatial  filtering  can  also  be  done^^  to  reveal 
both  large-  and  smaU-scale  structures. 


Two-dimensional  finite  thickness  bases  in  suteonic 
and  transcmic  flows  form  a  separated  flowfield  very  rich 
in  turbulent  structure  due  to  the  presence  of  the  well- 
known  von  Karman  vertex  street  wake.  The  motivation 
for  studying  this  flow  with  PIV  stems  from  both  the 
fact  that  it  exhibits  a  well-defined  instantaneous 
structure  and  that  the  mechanism  of  the  observed  base 
drag  reduction  in  the  presence  of  a  base  cavity  is  not 
completely  understood.  Several  studies  of  this  topic 
have  proposed  various  reasons  for  the  drag  reduction, 
including  vortex  traqiping^^  loss  of  vortex  strength  due 
to  cavity  wall  interference^^,  and  loss  of  vorticity  due 
to  fluid  mixing  at  the  cavi^  boundary^^.  Although 
numerical  simulations^^*  “  have  shown  agreement 
with  experiments  in  the  trend  of  drag  reduction  up  to 
maximum  cavity  depth  of  approximately  0.3  to  OJ 
base  heights,  they  show  discrepancies  with  experiments 
in  the  trends  of  both  vortex  shedding  frequency  and 
vortex  formation  location  with  increasing  cavity  depth. 

In  order  to  resolve  these  discrepancies  and  better 
define  the  mechanisms  of  base  cavity  drag  reduction. 
PIV  experiments  are  being  done  to  match  conditions 
used  in  both  experimental  work  by  Kruiswyk  and 
Dutton and  computational  work  by  Rudy*^. 
Examples  from  Ref.  14  of  numerical  velocity  and 
vorticity  data  for  this  flowfield  are  shown  in  Fig.  9. 

Modifications  have  been  made  to  an  existing 
transonic  wind  tunnel  for  the  use  of  PIV  on  two- 
dimensional  base  flows  (Fig.  10).  The  previously 
fabric:  ted  tunnel  has  a  4"  x  4"  test  section  with  solid 
side  walls  and  slotted  upper  and  lower  inner  walls  to 
relieve  the  blockage  effect  of  models  in  the  transonic 
speed  range.  Six-inch  diameter  round  windows  are 
mounted  in  both  sidewalls  to  allow  visualization  past 
the  aft  end  of  base  models.  The  base  models  consist  of 
interchangeable  afterbodies  mounted  on  a  1S.24  mm 
thick  wedge-shaped  fotebody.  The  afterbodies  include  a 
solid  base,  a  rectangular  cavity  base  with  a  depth  of  half 
the  base  height,  and  a  rectangular  cavity  base  with  a 
depth  of  one  full  base  height 

Slot-shaped  upper  and  lower  windows  have  been 
fabricated  and  installed  in  the  outer  walls  for  access  with 
a  vertically  propagating  planar  laser  sheet  for  PIV.  The 
sheet  passes  through  the  lower  window  and  through  one 
of  the  streamwise  slots  of  the  inner  wall  to  enter  the 


base  flow  test  section.  The  seed  delivery  is  done  by  two 
TSI  six-jet  atomizers  feeding  a  single  3/4*  O.D.  tube 
which  enters  the  stagnation  chamber.  This  tube  leads  to 
a  manifold  tube  which  feeds  8  smaller  tubes  directed 
downstream  and  oriented  in  a  transverse  (vertical)  plane 
aligned  with  the  illuminating  laser  sheet  The  flow 
then  passes  through  2*  long,  3/16*  cell  honeycomb  and 
a  44  X  44  mesh  screen  with  57  %  open  area  to  reduce 
turbulent  fluctuations  in  the  supply  flow.  It  should  be 
noted  that  the  screen  is  cut  out  in  the  areas  where  the 
seed  tubes  feed  through  the  honeycomb.  This  is  due  to 
the  fact  that  experience  with  LDV  in  this  laboratory  has 
shown  that  silicooe  oil  droplets  tend  to  build  up  on  any 
surfaces  perpendicular  to  the  flow  direction,  causing 
large  drt^  to  form  and  burst  off.  which  bias  velocity 
measurements.  Flow  seeding  behind  the  base  is 
sufficient  due  to  the  motion  of  the  alternating  von 
Karman  vortex  street  carrying  seed  into  the  wake.  This 
is  seat  in  other  flow  visualization  smdies  of  subsonic 
two-dimensional  base  flows  where  seeded  vortices  are 
visible  directly  behind  the  base. 

The  first  experiments  in  this  facility  were  done 
without  a  base  model  to  compare  PIV  velocity 
measurements  to  data  obtained  with  both  LDV  and 
static  pressure  taps.  To  facilitate  comparison  to  the 
time-integrated  pressure  and  LDV  measurements  of 
velocity,  PIV  velocity  data  from  a  single  photograph 
were  summed  along  the  row  at  each  transverse  location 
to  obtain  mean  velocity  components  and  standard 
deviations  to  determine  turbulence  intensities.  Given 
that  the  flowfield  is  not  evolving  in  the  streamwise 
direction  in  this  tunnel-empty  case,  equating  spatial 
statistics  to  temporal  statistics  is  adequate  for  a  first 
approximation,  although  the  number  of  samples 
available  from  a  single  PIV  photogr^b  is  not  sufficient 
for  highly  accurate  statistics.  It  should  be  noted  at  this 
point  that  there  were  not  yet  any  flow  conditioning 
devices  in  the  wind  tunnel  when  these  experiments  were 
done,  the  effects  of  which  will  be  discussed  in  the 
following  paragraphs. 

The  results  for  mean  velocity  from  a  run  at 
MachO.S  are  shown  in  Fig.  11(a)  with  the  relevant 
PIV  parameters  listed  below.  The  PIV  data  are 
compared  to  the  mean  velocity  calculated  with  pressure 
data  from  taps  measuring  P  in  the  test  section  and  Po  in 
the  stagnation  chamber.  Although  there  are  at  most 
only  81  PIV  measurements  per  data  point  in  this  plot, 
the  mean  velocity  at  each  transverse  location  varies  only 
slightly  from  the  overall  mean  of  173.4  m/s  which  is 
within  2  %  of  the  mean  velocity  determined  from  the 
pressure  measurements. 

A  more  stringent  test  of  the  accuracy  of  PIV  lies  in 
the  ability  to  measure  velocity  fluctuations.  To  this 
end,  LDV  measurements  of  streamwise  and  transverse 
turbulence  intensity  were  made  for  comparison  to  PIV 
data  (Fig.  11(b)).  Due  to  the  spatial  constraint  of 
avoiding  contact  between  the  LDV  laser  and  the  lower 


wall  of  the  wind  tunnel,  LDV  measurements  could  only 
be  made  up  to  a  transverse  location  of  -12.S  mm 
measured  from  the  test  section  centerline.  A^n.  a 
maximum  of  only  81  PIV  measurements  was  used  for 
the  data  at  each  transverse  location,  but  it  can  be  seen 
from  the  plot  that  both  the  LDV  and  PIV  data  vary  from 
S  %  to  8  %  turbulence  intensity.  Although  this  data 
lends  some  confidence  in  the  accuracy  of  the  PIV  data,  it 
revealed  undesirable  fieestream  turbulence  in  the  test 
section  without  flow  conditioning.  The  aforementioned 
honeycomb  and  screen  were  subsequently  added.  PIV 
measurements  of  turbulence  intensity  with  the  flow 
conditioning  devices  included  have  shown  turbulence 
intensities  of  3  %  to  S  %  which,  while  improved,  are 
still  relatively  high.  Although  LDV  measurements 
with  flow  conditioning  have  not  yet  been  made  due  to 
restrictions  on  the  availability  of  the  LDV  system,  the 
high  turbulence  intensity  measured  by  PIV  is  quite 
likely  due  to  turbulence  generated  downstream  of  the 
honeycomb  and  screen  by  the  velocity  gradients  between 
the  fieestream  and  the  lower  velocity  seeded  jets. 

Experiments  have  most  recently  been  done  with  a 
solid  base  model  in  a  Mach  0.4  freestream.  The 
Mach  0.4  fi’eestream  condition  is  determined  by  running 
the  test  section  at  a  stagnation  pressure  which  results  in 
a  Mach  0.4  flow  when  no  model  is  present.  The 
interpolated  and  smoothed  velocity  vector  plot  for  a 
region  approximately  1.3  to  2.3  base  heights 
downstream  of  the  base  edge  (see  Fig.  10)  is  shown  in 
Fig.  12(a).  Seed  density  immediately  behind  the  base 
was  sufficient,  but  unpaired  images  due  to  out-of-plane 
motion  and  laser  sheet  thickness  variations  at  the  base 
reduced  the  successful  interrogation  rate  in  this  region  to 
approximately  40  %;  results  from  this  region  were 
therefore  not  included  in  Fig.  12.  Although  the 
rotational  flow  around  two  of  the  vortices  in  the  wake  is 
somewhat  evident  in  Fig.  12(a),  the  structure  is 
accentuated  by  subtraction  of  a  fraction  of  the  mean 
streamwise  velocity  from  the  vector  field  in  Fig.  T2(b) 
which  is  plotted  over  a  grayscale  representation  of  the 
vorticity.  Only  every  other  vector  is  plotted  in  the 
interest  of  clarity.  The  vorticity  plot  reveals  the 
fragmentation  of  the  main  vortices  and  the  presence  of 
lower  vorticity  small  scale  turbulent  structures  on  the 
order  of  3  mm  diameter  throughout  the  flowfield.  The 
source  of  these  structures  is  unknown,  but  may  be  due 
to  the  freestream  turbulence  levels  or  possibly  is  a 
secondary  feature  of  this  vortex  street  wake  flow. 

Conclusion 

An  operational  PIV  system  has  been  developed  for 
application  in  sqiaiated  high-speed  flows.  The  entire 
system  has  been  successfully  demonstrated  both  in 
validation  experiments  and  in  low-  and  high-speed  air 
flows.  Capabilities  have  also  been  demonstrated  for 


detailed  analysis  of  instanianeoas  flowfield  velocity  data 
to  identify  and  quantify  flow  structures. 

Currem  work  has  recently  advanced  u>  transonic 
base  flows.  Future  work  in  t^  area  will  concentrate 
on  reduction  of  fieestream  turbulence,  adjustment  of  tlw 
acquisition  system  (increase  in  sheet  thickness,  laser 
tuning,  etc.)  to  obtain  higher  data  rates  in  the  area 
immediately  behind  the  base,  and  improvement  of 
seeding  uniformity,  which  has  been  the  most 
challenging  i»oblem  to  this  point. 

The  resulting  velocity  data  for  two-dimensional 
solid  and  cavity  bases  at  various  freestream  velocities 
will  be  used  for  better  definition  of  the  source  of 
structure  within  the  flow  including  the  small  scale 
turbulence  mentioned  above,  for  quantitative  analysis  of 
the  mechanisms  of  base  cavity  reduction,  and  for 
comparistm  to  previous  numerical  and  experimental  data 
for  the  same  flow. 
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TABLE  1 

Unifom  displacement  phott^r^th  interrogation  results. 


Photo  1 _ Photo  2 


Ax  (pm) 

63J15 

131.299 

Ay  (pm) 

58.523 

133.153 

Oax  (Mm) 

2.001 

2.166 

©Ay  (pm) 

1.929 

2.153 

OAx/dp 

5.72% 

6.19% 

©Ay/dp 

531  % 

6.15% 

lAXi  (pm) 

86366 

187.000 

87.000 

187.000 

Interrogation  Spot 

0.8  X  0.8  mm 

Increment 

0.4  mm 

Total  Spots/Photo 

10,000 

Image  Pair$/Spot 

Mean  Image  Dia.  dp  -35  pm 

Ax  s  mean  interrogated  x-diqdacement 
Ay  s  mean  interrogated  y-disidacement 
lAXI  »((Ax)  +(Ay)  )  ' 


nGURE  1  Principle  of  PIV 
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FIGURE  2  Acquisition  System 
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DASH  30  WORKSTATION 
(MAC  n  BASED) 


FIGURE  4  Intenogation  System  Schematic 


electronic  regulated 

camera  shuaer  atomizer  air 


FIGURE  3  Acquisition  System  Control  Schematic  FIGURE  5  Axisymmetric  Jet  Te^  Stand 
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0  5  10  15  20  25  30  35  40  45  SO 

AxiilLocaaon  x  (mm) 

-» 2.0  m/s 

PIV  PARAMETERS 

Mesn  Jet  Exit  Velocity  2.05  m/s  Intenoguion  Method  lutoconelation 

Jet  Diameter  18  mm  Spot  Size  (in  fiowfield)  1.08  mm  x  1.08  mm 

Laser  Energy  500  mJ/pulse  Increment  OS  mm 

Laser  Sheet  Thickness  OS  mm  Avg.  Image  Paiis/Spot  approx.  8 

Pulse  S-^aration  150  ps  Intenogaiion  Time  1 1  hrs.  18  min. 

Image  Shift  100  pm  (transverse)  (10.201  spots  @  4.0  sec/spot) 

Magnification  1.08  Success  Rate  approx.  94  % 


FIGURE  6  Axisymmetric  Jet  Velocity  Field 
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Axial  Locatkn  x  (nun) 
IStaJs 


Mean  of  101  dau  points 
at  each  tranvene  location 


Spatial  Mean  Axial  Velocity  u  (m/s) 


FIGURE  7  Axisyminethc  Jet  Spatial  Mean  Velocity 


FIGURE  8  Enlarged  Section  of  Axisymmetric  Jet 

(a)  Velocity  field  with  1/3  of  mean  jet  velocity  subtracted 

(b)  Vorticity 


(a)  (b) 

FIGURE  9  Base  Flow  Numerical  Simulations  (firom  Ref.  14) 

(a)  Velocity  field  for  half-height  cavity.  M^=  0.6 

(b)  Constant  vorticity  contours  for  half-height  cavity.  M^=  0.6 


honeycomb  screen 


FIGURE  10  Transonic  Base  Row  Test  Section 
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so  100  ISO  200 
Velocity  U  (m/s) 


Sf  < 

>  O 


2S  30  3S  40  45 

Sleamwise  Instance  &om  Base  x  (nun) 
ISOm/i 


Turbulence  Intensity  ■  (%) 


PIV  PARAMETERS 

Laser  Energy  4S0  mJ/pulse 

Laser  Sheet  Thickness  03  mm 

Film  type  3S  mm 

Magnification  03 

Image  Shift  none 

Interrogation  Method  autocorrelation 

Spot  Size  (in  flowfleld)  1.1  mm  x  1.1  mm 

Increment  1  nun 

FIGURE  11  Mach  0.S  Tunnel-Empty  Results 

(a)  PIV  spatial  mean  velocity  vs.  temporal  mean  velocity 
from  pressure  data 

(b)  Turbulence  intensity:  PIV  spatial  data  vs.  LDV 
temporal  data 


20  2S  30  3S  40  4S  SO 
Steamwise  Distance  finm  Base  x  (mm) 

;  ]  ^  120  m/s 


-6S000sec^ 


fiSOOOsec 


FIV  PARAMETERS 

Laser  Energy  4S0  nJ/pulse 

Laser  Sheet  Thidoiess  03  nun 

Him  type  3S  mm 

Magnification  031 

Image  Shift  100  pm  horizontal 

Interrogation  Method  autocorrelation 

Spot  Size  (in  flowfield)  13  mm  x  13  mm 
Increment  .6  mm 

FIGURE  12  Transonic  Base  Bow 

(a)  Velocity  field 

(b)  Vorticity  and  velocity  field  with  100  m/s  subtracted 
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INTRODUCTION 


This  pqier  describes  an  ongoing  oqieximental  investigation  of  idume-induoed,  tmbuknt 
boundary  layer  sqparatkm  as  it  occnis  in  supersonic  flight  Plniiie>indnoed  boundary  layer 
separation  (PIDLS)  is  a  phenomenon  tiiat  can  occur  on  a  wide  range  of  aerodynamic  vehk^ 
during  some  portion  of  the  ffij^r^hne.  £xaondesinchidesin^e-«agetaaical  missiles,  nmhqde- 
stage  mindhs  and  rodcets.  hii^-pmocmanoe  n^uer  aircraft,  and  annogtherK  reentry  vehicles  to 
name  but  a  few.  Hgure  1  d^cts  PEBLS  occurring  on  a  genm  two-sta^  missile.  Hie  existence 
of  FIBLS  in  die  flowfield  can  detrimentally  influe^  the  static  stabiliQr  ^  the  vducle.  degrade 
effectiveness  of  control  sutftces,  and  significantly  contribute  to  base  and  afterbody  heating.  Since 
diese  effects  can  severely  endan^  die  structural  integiiQr  of  die  aerotfynamic  vehicle.  PffiLS  is  a 
subject  worthy  of  the  scientific  communiQr’s  attention  because,  not  onty  is  it  an  noponant  topic  for 
ba^  fluid  dynamics  research,  but  a  better  understanding  of  this  phenomenon  can  also  bea^  the 
fli^  performance  of  aerodynamic  vdndes. 

In  addition  to  being  dqiendent  upon  the  vehicle  geometry,  die  occurrence  of  this 
phenomenon  is  also  dqiendent  qion  the  external  airstream  and  nozrie  flow  properties.  The 
exhaust  gases  fitom  a  propulsive  unit,  either  a  jet  engine  or  a  rocket  motor,  will  exp^  to  form  a 
plume  widi  a  diameter  larger  dian  the  enpne  nacdfe  or  vehicle  body  diameter  vdien  die  static 
pressure  at  the  nozzle  exit  plane  is  sobstamially  larger  than  the  static  pressure  of  die  surrounding 
airstreamL  Ihe  presence  of  diis  underegnuuM  exhaust  plume  deflem  the  fteestream  flow  and 
thereby  inqioses  an  adverse  pressure  gradient  upon  die  afterbody  boundary  layer.  If  the 
momentum  of  fluid  in  die  boundary  layer  is  not  sufficient  to  overcome  this  advene  pressure 
gradient,  the  boondary  layer  wid  separate  upstrera  of  the  phyi^  comer  of  the  base.  The 
upstream  movement  of  die  boundary  layer  separation  point,  resi^hing  from  the  interaction  of  the 
exhaust  plume  with  the  external  airstream,  is  called  plume-induced  boundary  layer  sqiaration. 

Widi  the  devdopiiient  of  jet  aircraft  and  ballistic  missiles  in  the  19Sffs,  PIBLS  began  to  be 
recognized  as  a  potentiu  problem  affecting  die  flight  peribtinance  of  atmospheric  vehicles.  The 
early  experimental  investigatims  of  this  flowfield  phenmnenon  were  condut^  in  die  1960's  and 
involv^  laminar  boundary  layers.  Larruruff  boundary  layers  were  used  because  the  region  of  die 
flight  envelopes  which  encountered  the  most  severe  cases  of  PIBLS  occurred  at  high  altitudes 
where  the  extremely  large  jet-to-fteestream  static  pressure  ratios  resulted  in  exmntive  regions  d 
separation  and.  ctmsequendy,  the  laminar  boundary  layer  did  not  have  a  sufficient  development 
distance  for  transitioning  to  a  turbulent  state  prior  to  separation.  These  early  studies  were 
conducted  on  both  single  nozzle  [e.g..  1.2]  and  multiple  nozzle  [e.g.,  3,4]  base  configuiations, 
and  focused  primarily  on  understamiing  the  impact  that  PIBLS  had  on  the  static  stability  of 
aaodyiuunic  v^cles  by  examining  both  die  overall  jdiysical  characteristics  of  die  separated  flow 
region  (separation  panem,  separation  length,  angle  of  s^aration.  etc.)  and  the  resultant 
aerodynamic  loads  as  a  function  of  various  flow  properties  (jet  static  pressure  ratio,  free  stream 
Mach  number,  freestream  Reynolds  number,  etc.),  base  and  afterbody  geometries  (nozzle 
divergence  angle,  afterbo^  flare  or  bcMUtail  ang^  nozzle-to-base  diameter  ratio,  etc.),  and  angle  of 
attack.  These  studies  reli^  strcmgly  upcm  sc&eren  photography,  surface  oil  flow  visualization, 
measurements  of  the  resultant  aai^ynamic  forces  and  moments,  and,  to  a  lesser  extent,  surface 
static  pressure  measurements  to  examine  the  effects  caused  by  PIBLS. 

As  a  result  of  the  design  evolution  of  propulsion  units  to  produce  hi^er  thrust,  the  region 
of  the  flight  envelope  encountering  PEBLS  expanded  [5]  and  the  plume-induced  separatimi  of 
turbulent  boundary  layers  became  important  Experimental  studies  involving  the  plume-induced 
separation  of  turbulent  boundary  layers  were  conducted  oa  wind  tunnel  models  beginning  in  the 
1970's.  With  one  exception  [6],  these  experiments  were  primarily  conducted  at  the  Aeronautical 
Research  Institute  of  Sweden  (ITA)  [e.g.,  7,8]  and  the  University  of  Alabama  [9-11],  and  have 
tended  to  focus  on  obtaining  insight  into  the  fundamental  nature  of  PIBLS  flowfields.  While  the 
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Uoivemty  of  Alibama  ejqwximents  involved  snrfue  presnire  flucmitiao  measmenieais 
the  unst^y  sqmraticMi  shock  wnve*  die  FFA  eiqieriments,  specifically  the  pressure  i»obe 
measurements  of  Agrell  [12]  and  the  one-«omponent  Doppler  velocimeter  (LDV) 
measurements  rqioned  1^  Apell  [13]  and  Pin  and  ^pdl  [14].  attempted  to  m«ir»  flowfield 
property  measurements  throughout  the  sqiarated  flow  region  of  a  I^LSllowfield.  Ahhoughfor 
different  reasons,  neidier  the  LDV  technupie  [13.14]  nor  the  pressure  probe  [12]  were 

sufficiendy  accurate  to  allow  a  quandtadve  deterndnadon  of  the  velocity  field  widiin  a  PIBLS 
region. 

Beginning  in  die  19S(ys  and  ctmdnuing  on  into  the  196ffs,  two  analytical  techniques  were 
developed  for  camuladng  the  flow  properties  behind  a  blum  base  immersed  in  a  supersonic  flow. 
The  two  techniques  were  the  integral  or  moment  mediod  [IS]  and  die  CSuqmiaiHKorst  conqxment 
or  muldotnnponeiit  mediod  [16,17].  Although  die  integ^  method  was  extended  to  deal  widi  a 
zero  thickness  base  gcsometry  undergoing  PIBLS  [18],  this  technique  has  proven  to  be  more 
difficult  and  less  versatile  than  die  conqwnent  mediod  [19].  Aided  in  part  by  die  devdk3]mient  of 
conqiuter  propams  by  Addy  [e.g.,  20],  die  cooqionent  mediod  emerged  in  the  l^ffs  as  the 
mediod  of  chmce  for  oonqiuting  PffiLS  flowfields  because  of  its  flexibilhy  in  modehng  a  wide 
range  of  base  geometries  and  fl^prcm  .es.  The  conqiooent  method  has  been  used  to  calculate 
PIBLS  fiowfidds  on  aerodynamic  bod^  at  both  zero  and  nonzero  an^M  df  [e.g.,  21,22]. 
On  axisymmetric  models  at  zero  angle  of  attadc,  die  component  in  genend,  undeqaedicts 

the  extent  of  separation  at  lower  jet  static  pressure  ratios  and  ovetpredicts  die  extern  of  at 

higher  jet  static  pressure  rados.  Although  the  quandtadve  prediction  of  the  base  pressure 
distribudons  and  the  separadon  lengths  are  not,  generally  qiealmg,  in  good  agreement  with  the 
experimental  measurements,  the  qu^tadve  uends  induced  by  die  jet  static  pressure  ratio  and  die 
nozzle  half-angle  are  predicted  reasonably  well  by  die  component  mediod  for  bodi  symmetric  and 
asymmetric  PffiLS  flowfields. 

With  the  advent  of  supei^mputers  and  better  numerical  algorithms,  the  numerical 
modeling  of  PIBLS  flowfields  using  Navier-Stokes  (N-S)  methods  has  develop^  over  die  p>st 
decade  and  stands  today  as  an  area  of  major  interest  The  Navier-Stoloes  invesdgadons  which  have 
calculated  PIBLS  flowfields  [e.g.,  23,24],  in  general,  underpredict  the  extent  of  separation, 
underpredict  the  separation  an^e,  and  underpredict  the  base  and  afterbody  pressure  distributions. 
Even  when  one  of  these  studies  was  successful  at  quantitatively  predicting  one  or  more  of  these 
four  features,  the  remaining  features  were  not  in  agreement  with  tte  experimental  data.  Although 
the  quantitative  prediction  of  these  features,  in  geiwraL  is  in  poor  agreement  widi  the  eiqierimental 
measurements,  the  parametric  trends  induced  by  the  jet  static  pressure  ratio  and  the  nozzle  half- 
angle  are  predicted  reasonably  well  by  the  N-S  methods. 

A  majority  of  the  N-S  studies  [e.g.,  25,26]  have  emphasized  the  need  for  better  turbulence 
modeling  throughout  the  plume-induced,  separated  region  of  the  flowfield  in  order  to  achieve  a 
more  accurate  prediction  of  the  flow.  As  just  discussed,  the  extent  of  the  separatitm  zone,  the 
angle  of  separation,  and  the  surface  static  pressure  distributions  over  the  base  and  afterbody  have 
formed  the  basis  for  comparing  N-S  calculations  with  experimental  data  Althou^  these  features 
allow  a  determination  to  be  made  of  the  general  accuracy  of  a  N-S  prediction,  they  do  not  permit  a 
direct  evaluation  of  a  turbulence  model's  ability  to  preset  the  turbitience  structure  throughout  a 
plume-induced,  separated  flowfield.  Accurate  measurements  of  mean  velocity  and  turbulence 
quantides  obtained  throughout  a  PIBLS  flowfield  are  necessary  in  order  to  evaluate  the  accuracy  of 
a  turbulence  model  This  is  exactly  the  information  that  the  present  work  is  directed  at  obtaining. 

The  experimental  investigation  described  herein  will  provide  a  better  understanding  of  the 
mechanisms  and  interactions  present  in  a  PIBLS  flowfield  primarily  by  measuring  the  mean  and 
fluctuating  components  of  velocity  with  an  LDV  system  Schlieren  photogriq)hs  arid  shadowgraph 
pictures,  surface  flow  visualization,  and  mean  and  fluctuating  wall  static  pressure  measurements 
have  also  been  made  of  the  PIBLS  flowfield.  By  gaining  a  better  understanding  of  the  fluid 
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dynamic  processes  present  in  a  PIBLS  flowfield,  it  is  felt  that  the  existence  of  this  phenomenon 
can  more  aocutaielv  be  predicted  and  thus  trchnolnginal  improvcmeim  cam  he  made  m  ■^■wv^ynaTTw- 
vehicles  which  (telay,  control,  or  totally  eiiminaty.  ddier  PIBLS  or  die  adverse  effects 
associated  widi  its  occurrence. 

FLOW  FACILITY  AND  WIND  TUNNEL  DESCRIPTION 
The  eaqieriments  conducted  in  dns  study  are  petfigmed  using  the  flow  facility  locaied  in  the 

Gas  Dynamics  Laboratocy.  The  flow  facility  conasts  of  a  tank  fmn  widi  a  storage  caparity  of 
i^nroximately  146  m^  and  two  air  con^ressors:  an  Ingerscdl-Rand  coomtessor  adiidi  prod^s 
0.M  kg/s  at  960  kPa  and  a  Gardner>Denver  anqiressor  which  ddivers  0.33  kg/s  at  760  kPa. 

A  two-stream,  supersonic  wind  tunnel  was  specifically  designed  to  produce  plume- 
induced,  turbulent  boundiuy  layer  separation  in  die  test  section.  Hie  snail-scale  wind  nwinH 
incorporates  a  two-^hmensioiial  plai^  geometry  and  meraies  in  the  blowdown  mode.  The 
geonaetry  of  the  wind  tunnel  is  shc^  in  Rgures  2  and  3.  Hgure  2  is  a  cross  sectional  view  of  the 
wind  tunnel  test  section.  Hgure  3  is  a  phomgrqih  of  the  **^*t  piBLS  wind  tminel  with  one  side 
waU  removed.  In  order  to  nunimiae  pressure  losses,  the  cross  sectional  area  of  each  stream  was 
scaled  so  that  die  Mach  number  of  the  flow  would  not  exceed  0.2  at  any  location  upstream  of  die 
nozzle  blocks.  The  region  of  supersonic  flow  in  each  stream  is  produced  with  a  fixed  nozzle  blo(± 
whose  diver^g  contour  was  uang  the  method  of  duuactenstics  nozde  design  program 

NOZCS.  The  fa^ght  of  die  base  is  IJt?  cm  and  die  an^  between  die  two  streams  is  40  degrees 
(see  Hgure  2).  The  width  ai  e^  stream  is  5.08  cm.  except  at  die  inlet  of  the  nmnd  where 
stream  is  7.62  cm  wide.  Optical  access  to  the  test  section  it  provided  by  a  removable 
window  assembly  mounted  in  of  die  two  side  walls  of  die  timnftl 

As  just  stated,  the  angle  between  die  two  streams  is  40  ueorees.  A  brief  discussion  of  the 
method  us^  to  arrive  at  this  value  is  in  order  since  choosing  this  parameter  was  the  most  critical 
aspect  in  the  design  of  the  wind  tunnel.  In  essence,  the  concept  w^s  to  choose  an  angle  between 
the  two  streams  which  would  be  sufficient  to  deflect  the  discnminatuig  strearrdine  present  in  the 
shear  layer  emanating  from  the  separatitm  pennt  (assumed  to  be  at  die  comer  of  the  base)  in  the 
upper  stream  at  an  angle  of  about  IS  deg^  (discussed  below)  with  respect  to  the  fieesneam  flow 

dilution.  The  location  of  the  distaiminaring  streamline  was  iidng  thf  modf  1  of 

the  multicorrqionent  method  [27,28]  modified  to  include  the  reattachment  criterion  of  Addy  [29] 
with  a  reattachment  coefficient  of  0.9.  All  of  the  computatitms  were  done  for  a  single  opera^g 
condition:  an  upper  stream  stagruition  pressure  of  517  kPa  and  a  lower  stream  stagnation  pressure 
of  345  kPa.  By  summarizing  dm  taken  from  experiments  on  turbulent  boundary  layer  separation 
ahead  of  forward-facing  stqis  for  Mach  numbere  ranging  finmn  1.0  to  6.0  and  step  heights  of  at 
least  one  boundary  layer  thickness,  Zukosld  [30]  found  that  die  inner  surface  of  the  shear  layer 
bounding  the  separation  zone  formed  an  angle  of  13  degrees  with  respect  to  the  freestream  flow 
direction  and  the  outer  surface  formed  an  angle  of  163  degrees.  Since  separation  in  the  forward- 
facing  step  experiments  is  produced  by  a  soUd  geometric  boundary  and  separation  in  the  PIBLS 
study  is  caused  by  a  complhuit  aerodynamic  boimdary,  diere  is  an  intrinsic  difference  between  the 
two  flowfields  [31]  and  therefore  it  was  deemed  unnecessary  to  loiow  die  precise  location  of  the 
discriminating  streamline  in  the  forward-facing  step  experiments.  Hie  decision  was  made  to 
simply  equate  the  angle  of  the  discriminating  streaxnline  in  de  PIBLS  study  to  a  value  slighdy 
above  (approximately  15  degrees)  the  average  of  the  angles  between  the  upper  and  lower  surfaces 
of  the  shear  layer  fr^  the  forward-facing  step  data  of  Zukosld.  The  angle  of  the  discrimiruiting 
streamline  in  iht  upper  shear  layer  of  the  PIBLS  investigation  was  compu^  to  be  14.7  degrees  for 
an  angle  between  the  two  streams  of  39  degrees,  and  153  degre^  for  an  angle  of  40  degrees.  The 
decision  was  made  to  opt  for  the  40  degree  angle,  and,  in  so  doing,  it  was  hoped  that  there  would 
exist  sufficient  latimde  in  throttling  or  unthrottling  the  lower  stream  away  fixim  the  345  kPa 
stagnation  pressure  design  point  so  as  to  achieve  PIBLS. 
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Pldiminay  invesdntioiis  of  die  flowfield  using  iddieren  photogrmdis,  diadowgnph 
pictiires,  and  somce  oil  flow  visualization  have  shown  that  phune-indnced.  boundaiy  layer 
aqiaiaiion  can  be  produced  in  die  wind  tunnel  designed  for  diis  investigatioo  (see  Ingmes  4  and  S). 
Acceptable  PIBLS  flowfields  can  be  produced  by  varying  die  stapuion  pressure  of  dre  lower 
stream  over  die  qipraxunaie  lange  255  kPs  to  186 1»  udiik  mamtaining  a  stagnation  pressure 

of  517  kPa  in  die  iqiper  stream.  ^ni«g«iMpoBd»tajettt«lie|w»MiiigrMin«nf«rprMrim«t>>ly 
to  1.7.  iQdieseflovmelds,aboiuidary  layer  devdops  on  die  booom  wall  of  the  iqiper  stream  and 
forms  a  flee  shear  bqrer  after  undergoing  sqieratian  someudiere  upsneam  of  the  vppa  l»se  corner, 
it  is  interesting  to  note  diat  an  angle  of  ^ipraodmaidy  15  d^iees  die  value  u^  in  die  design) 
results  from  averaging  die  anglre  made  by  the  inner  and  outer  surfoces  of  diis  diear  layer.  The 
sqiaradcHi  point  is  nmninally  located  1.9  cm  (about  6So)  forward  of  die  upper  base  corner  (as 
determined  by  surface  oil  flow  experiments)  at  a  lower  stream  stagnation  pressure  of  255  U*a 
(pi^p.^.4).  (The  sutfoce  flow  te^uque  detennines  the  downstream  boundary  of  die  region  over 
wfach  die  unsteady  diock  wave  oscillates  [321.)  The  nominal  location  of  die  sqiaratioD  point  can 
be  reduced  to  aroioximaiely  0.64  cm  (about  2a^  forward  of  foe  typer  base  corner  if  the  stagnation 
pressure  in  the  bwer  stream  is  dirotded  to  about  186  ld*a  (pjfpm^l.T).  The  only  two  regkms 
having  a  spanwise  vaiiatum  in  die  streamadse  location  of  foe  sqiaratimi  line,  as  by  die 

surface  oil  flow  experiments,  are  located  adjacem  to  each  wind  ii™ri  side  wall  and  eioend  for  0.97 
cm  from  each  side  walL  Since  die  sepaiaticm  line  is  serai^t  and  perpendicular  to  die  foeestirem 
flow  directicHi  over  the  inner  3.18  cm  of  the  tunnel  width,  the  flowfield  appears  to  be  reasonably 
two-dimensional  over  this  inner  regkm. 

From  the  review  of  experimental  work  on  foe  plume-induced  sqiaration  of  turbulent 
bounda^  layers,  the  separation  process  has  been  shown  to  be  unsteady  on  wind  turmel  models. 
Separation  foock  wave  unsteadiness  has  also  been  rqxmed  on  actual  flif^t  vehicles  undergoing 
PIBLS  [33, 34],  although  it  is  unknown  whether  the  mechanism  causing  foe  unsteadiness  on  die 
wind  tunnel  models  is  foe  same  mechanism  causing  the  unsteadiness  on  flight  vehicles.  The 
PIBLS  flowfield  produced  in  foe  wind  tuimel  of  fods  investigation  also  exhibits  an  unsteady 
separation  process.  The  streamwise  extent  of  the  unsteadiness  (as  indicated  by  separation  shock 
motion)  has  been  estimated  from  schlieren  observations  to  be  on  foe  order  of  several  boundary 
layer  foicknesses.  The  detailed  motion  of  the  unsteady  separation  shock  wave  also  qipears  under 
schlieren  observatitm  to  be  very  similar  to  foe  unsteadiness  described  in  the  PIBLS  experiments  of 
Boggess  [9]  and  Doughty  [10,11],  i.e.  a  quasi-random,  lyeriodic  movement  of  foe  shock.  This 
unsteadiness  clearly  poses  a  problem  when  making  LDV  measurements  because  it  is  inyossible  to 
distinguish  between  velocity  fluctuations  caused  by  turbulent  edfoes  and  velocity  fluctuations 
caused  by  the  gross  translational  movement  of  the  separation  regicm.  The  condition^  sanyling 
approach  to  be  used  to  address  this  LDV  measurement  problem  is  described  in  the  following 
section. 


RESULTS 

Although  a  range  of  PIBLS  flowfields  can  be  produced  in  foe  wind  tunnel  designed  and 
built  for  this  investigation,  only  one  such  flowfield  has  been  chosen  in  which  to  cc^uct  the 
detailed  LDV  measurements.  The  flowfield  chosen  for  foe  preliminary  measurements  presented  in 
this  paper  is  produced  by  setting  the  upper  and  lower  stream  stagnation  pressures  at  ^iproximately 
517  kPa  and  255  kPa,  respectively.  The  foot  of  the  separation  shodc  wave  is  then  nominally 
located  1.9  cm  (about  60o)  upstream  of  the  base  comer  and  thus,  based  upon  previous 
experimental  rnults  [7],  the  separation  process  should  be  a  free-interaction  at  this  locancxL 
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Schlieren/Shadowgraph  Visualintioiis 

Vtniiliarinn  of  die  neir-wrioe  fkwfieM  hewi  pimirrs 

and  tchlierai  phoiognidis.  Both  iy«iem«  were  configmed  wiA  Mwnpnw*^!*  iw  »K>  -y". 

shq)^  airangement  where  the  li^  sonree  and  receiving  optics  were  positi<»ed  u  as 
possible  to  the  ccdlimated  beam  pacing  throng  the  iwnd  tunnel  test  section.  Theschlierea 
system  uses  a  Xemm  Model  4S7  Micrcpulser  li^  source  having  a  spark  duration  of 
^ypioxiniately  1.4  microseoonds  s^en  operated  in  the  single  pulse  Hie  shadowgraid) 
system  uses  a  Xenon  Model  437B  Nanopulser  light  source  having  a  spa^  duration  of 
qiprcndmately  25  nanoseconds  in  the  single  pulse  mode.  The  Kght  was  created  »»«»£ 

two,  30.48  cm  diameter,  243.8  cm  focal-lengdt  minors.  The  receiving  optics  in  die  sdilieren 
senq)  consisted  of  a  hotizontaUy  mounted  knlfe-ed^,  and  a  "smoked"  glass  collection  piM*»  for 
viewing  die  image  or  a  Polaroid  fOm  holder  for  obtaining  a  permanemphotogrqdL  Therecdving 
optics  in  the  shadowgrqihseom  consisted  of  a  Nikon  hfodelF2  35  mm  camera.  Rgure4showsa 
typical  schlieren  photo^ciph  of  die  PIBLS  flowfidd  while  Hgure  5  shows  a  typical  shadowgraph 
picture.  When  coopatmg  die  two  prints,  it  is  quite  evident  diat  die  shadowgni^  system,  widi  the 
25  nanosecond  light  pulse,  restdves  much  snonller  turbuimce  throu^iout  die  flowfield 
does  the  schlieren  systena. 

Mean  Static  Pressure  Measurements 

Mean  wall  static  pressure  measurements  have  been  obtained  from  static  pressure  uqis 
mounted  in  the  top,  bottom,  and  base  surfaces  of  the  center  partition,  as  well  as  frean  a  side  wall 
assembly  that  has  been  extensively  instrumented  widi  static  pressure  taps.  The  top  surface  die 
center  partition  has  twenty-nine  pressure  taps  installed  at  a  qianwise  station  located  0.475  cm  off 
the  wind  tunnel  centerlme.  (The  taps  could  not  be  pla^  on  the  centerline  because  two 
miniaturized,  hi^-firequency  reqxxise,  piezoresistive  pressure  transducers  are  mounted  along  die 
centerline.)  Begiiuiing  0.318  cm  iqistream  oi  die  base  plane  and  extending  to  3.81  cm  iqistream  of 
the  base  plane,  the  taps  are  located  every  0.159  cm;  the  ti^  are  uniformly  spaced  every  0.635  cm 
starting  at  3.81  cm  upstream  of  die  base  plane  and  continuing  to  7.62  cm  upstream  of  die  base 
plane.  Hie  bottom  surface  of  the  center  potion  has  four  pressure  taps  mounted  along  the  same 
spanwise  station  as  the  top  surface.  The  location  of  these  taps  ^gins  0.318  cm  upstream 
(measured  local  to  the  Mach  1.5  flow  direction)  of  the  base  plane  and  continues  to  121  cm 
upstream  of  die  base  plane  in  intervals  of  0.318  era  The  base  plarc  of  die  center  partitkm  has  four 
pressure  taps  mounted  along  a  spanwise  statimi  0.5%  cm  off  die  wind  tunnel  centerUne. 
Beginning  0.419  cm  from  die  tqi  surface  of  the  center  partition  the  taps  are  located  every  0.203 
cm. 


The  side  wall  static  pressure  measurement  assembly  is  a  rectangular  aluminum  insert  which 
is  used  for  conducting  mean  static  pressure  measurements  over  the  entire  PIBLS  flowfield.  In 
order  to  do  so,  one  of  the  window  assemblies  is  removed  from  the  tunnel  side  wall  and  the 
pressure  measurement  assembly  is  installed  in  its  place.  This  assembly  contains  425  static 
pressure  taps  uniformly  distribute  0.229  cm  between  centers,  over  the  main  region  of  interest  in 
the  flowfield.  The  region  of  interest  was  established  from  schlieren  photogrsqilu  and  is  shown  in 
Figure  6. 


Pressure  measurements  from  the  pressure  taps  in  the  center  partitimi,  the  side  wall  insert, 
and  the  pitot  probes  at  the  nozzle  entrances  are  a^uired  by  connecting  the  pressure  taps  to  a 
Pressure  Systems  Incorporated  Model  DPT  6400  diptal  pressure  transmitter  using  clear  flexible 
vinyl  tubing.  The  pressure  transducers  of  the  DPT  6400  were  calibrated  with  a  BeU  &  Howdl 
dead  weight  tester.  Hgure  7  shows  a  two-dimensional  surface  plot  of  the  mean  static  pressure 
field  taken  from  the  side  wall  insert  The  general  trends  of  a  constant  pressure  in  the  base  region 
and  a  pressure  increase  in  the  initial  portion  of  the  wake  redevelopment  region  downstream  of  die 
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poiat  of  confluence  between  die  two  thear  Uyen  is  evident  in  die  data.  However,  the  stnmg 
pressure  gradients  across  the  separation  sb^  wave  and  die  rwrftmprii>«rin«  sbock  waves 
emanating  finm  die  point  of  eonfliieaee  between  the  aw. 

a  sizedile  area  due  to  the  unsteadiness  of  die  sqiaration  process.  These  mean  static  pressure 
measurements,  along  widi  diose  timwn  in  Rgnre  8,  provide  strong  motivation  for  conducting 
conditional  sanqiling  of  die  LDV  data.  Hgure  8  sho^  die  mti^n  mtw  pressure  measumnents 
taken  fiom  die  pressure  tqis  in  die  top  smfiibe  of  the  center  partition  and  die  mean  static  pressure 
measurements  taken  from  a  horizontal  row  of  pressure  tqis.  Oil  14  cm  above  die  top  surface  of  die 
center  partition,  in  die  side  wall  insert  The  two  rows  of  measurements  differ  over  the  intermittem 
region  of  the  separation  shock  motion  and  over  the  sqiarated  region  confined  betwem  die 
intermittent  region  and  the  base  jriane. 

Conditionally  Sampled  LDV  Measurement  Approach 

Tire  mean  and  fluctuating  velocity  coomonents  will  be  measured  with  die  LDV  over  die 
entire  region  of  interest  in  die  PIBLS  fiowfield.  Also,  measurements  in  the  turbulent  boundary 
layer  and  the  adjacent  inviscid  flow  for  bodi  streams  forward  of  die  separatio"  Vyution  will  be 
made.  In  order  to  obtain  LDV  measurements  dirou^ioat  an  unsteady  PIBLS  fiowfield,  a 
must  be  found  to  overcome  the  problems  posed  by  the  unsteady  sqnration  shodc  motion.  There 
are  essentially  two  options;  eit^  a  mediod  must  be  found  to  aahiiige  the  sqiaratioo  shock  or  a 
conditional  san^ling  technique  must  be  develqred  for  acquiring  the  There  are  several  passive 

techniques  available  whidi  have  been  used  to  diock  wave  motion  on  airfmls  in  transonic 

flow  [e.g.,  35].  Unfortunately,  it  is  not  at  all  obvious  diat  diese  techniques  will  apjdy  to  a 
supersonic  two-stream  interaction.  In  addition,  qiplying  blow^  or  suction  to  the  boundary  layer, 
or  any  other  qiproach  that  would  produce  the  same  effect,  will  pertuib  die  flow  in  die  sqiarated 
region  and  hence  is  unaccqitable.  Previous  work  by  Dou^^  [11]  has  shown  diat  the  tength  scale 
of  the  unsteadiness  can  be  reduced  by  qiproximately  80%  in  a  PIBLS  fiowfield  by  positioning  a 
small  wire  ptomberance  of  circular  cross  s«:tion  near  die  sroaration  point  Tl^  method  was 
implement^  in  the  wind  tunnel  designed  for  die  present  PIBLS  study  and  dre  resulting  flowfields 
were  examined  qualitatively  using  schlieien  photogrqihy.  Although  a  reduction  in  the  length  scale 
of  the  unsteady  separatitm  shock  wave  motion  was  observ^  this  approach  was  deemed 
inappropriate  for  the  present  PIBLS  study  because  die  presence  of  the  srn^  wire  protuberances 
app<»^  to  alter  the  turbulence  structure  in  the  resulting  separated  shear  layer.  Therefore,  a 
cc^tional  sampling  technique  for  acquiring  and  aiudyzing  the  LDV  data  is  under  developmenL 

The  apprr^h  of  conditionally  sarrqiling  LDV  data  using  surfiice  pressure  measurements  as 
a  means  for  locating  the  ^aration  shock  wave  has  been  rqiorted  in  the  experiinents  of  Kussoy,  et 
al.  [36].  In  this  study,  six  fast-response  pressure  transducers  were  used  to  ccm^tionally  sanqile 
LDV  measurements  taken  from  two  unsteady  separated  flowfields  {noduced  by  a  cylinder-flare 
body.  The  axis  of  the  30  degree  flare  was  canted  at  an  angle  relative  to  the  axis  of  the  cylindff  in 
order  to  produce  a  region  of  three-dimensicmal  separation.  Flowfidds  for  canted  angles  of  S 
degrees  and  23  degrees  were  examined  by  simultaneously  measuring  and  recording  the  pressure 
sensed  at  all  six  pressure  transducers  with  every  LDV  measuremenL  However,  the  authors 
reported  only  one  rather  si^le  approach  for  conditionally  sanqiling  the  d«ta  This  approach 
basically  consisted  of  dividing  the  transducer  array  region  into  two  sections  using  the  pressure 
sensed  at  the  transducer  locat^  beneath  the  average  sl^k  position.  This  transducer,  called  the 
center  transducer,  was  identified  by  diserving  shuiowgraph  movies  of  the  shock  unst«iHin<>s!g 
For  each  LDV  measurement  location,  the  ensemble-averaged  mean  and  standard  det^on  of  tiie 
pressure  (Pw  and  (W)  were  computed  using  the  pressure  d^  recorded  frmn  die  center  transducer. 
Then,  for  each  LDV  measurement  location,  all  LDV  realizations  having  an  assnriared  pressure  levd 
greater  than  Pw  Opw  were  collected  and  labeled  as  the  "shockibrward"  data  set  L^wise,  all 
LDV  realizations  having  an  associated  pressure  level  less  than  Pw  -  O.Sapw  were  collected  and 
labeled  as  the  "shock  back"  data  set  Using  this  conditional  sampling  technique  cm  the  data  from 
both  flowfields,  Kussoy,  et  al.  [36]  reported  the  mean  streamlines  constructed  from  the  ensemble- 
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avenged  velocity  connooents,  contonn  oi  the  mean  soeamwise  velocity,  and  die  tiieamwise 
<ti«trilinrinn  nf  mainminn  titfhulent  Idneiic  energy  for  aH  tfaec  data  teas:  the  "shock 

forward"  data  set,  the  "diode  bide”  data  set.  and  die  data  set  oonstrucied  6cm  ensemble-avenging 
allof  themeasmements.  Hie  andion  pointed  out  that,  aldioiigih  die  leciicnlating  ocae  within  the 
sqpanted  legian  does  move  stieamwise  along  the  cylinder,  dim  is  little  diange  in  the  qipeaniioe 
of  the  veloci^  field  as  tte  shock  wave  fluctuates  between  its  iqistream  and  downstream 
pffffitinng  The  stieamwise  distributioos  of  die  maximinn  tmbuleat  kinetic  ener^  for  bodi 
Sowfields  show  that  the  latgest  difference  between  die  daee  data  sets  oocnn  in  die  inteimittent 
region  over  udi^  die  shodc  wave  osdUates. 

The  ctHididmial  sanopling  technique,  more  accurately  described  as  a  cmditional  analym 
used  in  the  current  v^ak  is  bmg  hnpkmented  in  die  foUoudng  manner.  Two  Kulite 
Modd  XCS>062-1SG  pressure  transducers  have  been  mounted  flush  to  ibe  surface  of  the  lower 
wall  of  die  Mach  2.S  stream  as  shown  in  Hgure  9.  The  transducers  are  located  1.91  cm  and  1.65 
cm  upstream  of  die  base  plane,  and  are  Ixufa  within  die  intermittent  rpgkm  of  die  s^iaretion  shodt 
wave  motimi.  The  flowf^  to  be  studied  win  be  selected  adjusting  die  stagnation  pressure  (rf 
the  lower  stream  such  dtat  the  two  pressure  transducer  are  positioned  on  eidier  side  of  die  average 
sfjyiTarinn  shock  location.  T^  two  rime  histOTy  traces,  one  trace  created  6om  each  of  the  two 
pressure  transducers  during  die  course  of  a  tunnel  run,  will  be  used  to  define  die  instantaneous 
lonitin«  of  the  separation  «iwM»tf  wave  inoplementing  a  two-threshold  algotidun  [3738]  designed 
to  whether  die  shock  wave  is  upstream  or  downstream  of  eadi  transducer.  There  are 

three  regions  in  whidi  die  shock  could  be  located  at  any  instant  in  time:  the  re^on  iqistream  of 
both  pressure  transducers,  die  repon  in  between  die  two  transducers,  and  ibt  region  downstream 
of  bodi  transducers.  LDV  riata  acquisition  6om  a  TSI  Model  IFA  750  digital  Doppler  signal 
urocessor  is  controlled  using  FIND  software  running  on  a  Gateway  2000  peisonal  computer, 
which  is  an  IBM-compatible  486  noachine.  By  initializing  acquisition  of  the  LDV  data 
simultaneously  with  the  acquisition  of  data  ftom  the  pressure  transducers,  the  locatioo  of  the 
separation  sh^  wave  relative  to  the  two  pressure  transducers  can  be  defenmned  for  each  LDV 
reahation  because  each  veloci^  measurement  also  has  an  absolute  dme  stamp,  accurate  to  within 
one  microsecond,  recorded  at  the  time  of  acquisition.  Thus,  during  data  analysis,  each  LDV 
measurement  will  be  sorted  aconding  to  the  repon  in  which  die  shock  was  located  w^  the  U>V 
measurement  was  acquired.  By  comparing  &e  ensemble-averaged  flowfleld  quantities  derived 
from  the  LDV  tneasurements  taken  while  the  separation  shock  was  in  the  region  between  the  two 
transducers  with  the  ensemble-averaged  flowiield  quantities  confuted  from  aU  of  the  LDV 
measurements,  the  effea  of  the  unsteady  separation  shock  wave  motion  on  the  mean  velocity  and 
ti^ulent  statistical  data  can  be  determine 

The  data  acquisition  system  for  the  pressure  transducers  is  based  around  a  Macintosh  Ilfit 
computer  equipped  with  32  MBytes  of  RAM,  a  160  MByte  internal  hard  disk  drive,  a  National 
Instruments  Model  NB-A2000  Analog-to-Digital  (A/D)  convener,  and  a  MicroNet  Technology 
Model  SB- 1000  external  hard  disk  drive  having  a  storage  capacity  of  qiproximately  1  GByte.  Data 
acquisition  via  the  A/D  converter  is  controll^  by  a  National  L^truments  Model  NB-DMA2800 
Direct  Memoiy  Access  Interface  Board.  LabVlEW  2,  an  icon-based  conpiter  language  written  by 
National  instruments,  is  used  exclusively  to  acquire  and  analyze  the  pressure  data.  This  data 
acquisition  system  is  capable  of  simultaneously  sampling  two  channels  at  a  rate  of  166,667 
samples/sec  per  channel  for  83  minutes  (ItHiger  than  the  blowdown  time  of  the  tunnel)  before 
overwriting  the  allocated  memory  buffer.  Ct^ntly,  Lab  VIEW  programs  based  upon  the  two- 
threshold  algorithm  [3738]  are  b^g  written  to  analyze  the  pressure  data. 


The  conditional  analysis  technique  outlined  above  will  work  in  prindple  because  the 
frequency  specmim  of  the  unsteady  separation  shock  wave  motion,  althou^  being  broadband,  is 
centered  around  1  kHz  or  less  as  shown  in  the  power  spectral  density  estimate  of  Figure  10.  The 
data  used  to  create  Figure  10  were  taken  with  the  pressure  data  acquisition  system  by  sanqiling  one 
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of  die  fludi-iiiooiited  pressure  transducers  locaied  in  the  at  a  rate  of  416.667 

MTTipIrysec.  Theiesultingtimelnstofy  was  then  digitally  low-pass  filtered  at  100  kHz  and  FFT 

calculations  using  die  nlit-radix  dgondun  were  petfonned  on  eadi  of  183  recocds.  wbm  each 
record  oonasts  of  163M  data  points.  The  power  nectral  densi^  jg  ag  f*G(f) 

verms  f  on  linear-log  axes  [39]  as  shown  in  ngure  10. 

Once  the  Lab  VIEW  oondidonal  analysis  programs  have  been  oompteted,  acquisitioo  of  die 
twiwsnm|Mwieiit  enaditicMlly  Mtnpi#»^  tX>V  will  enmmMtfy  Results  of  diese  measurements 
win  be  iqMKted  in  derail  in  future  putdicadoos. 


CONCLUSIONS 


Hie  current  pqier  describes  an  ermerimental  investigation  of  a  PIBLS  flowfield  produced 
by  die  interaction  between  two  nonparall^  siqietsooic  streams  in  die  presence  of  a  finite  diickness 
base.  Tlw  puipom  of  die  study  is  to  gain  a  better  undersumding  of  Ae  extent  to  idiidi  die  fluid 

dynamic  mechanisms  and  interactions  present  in  the  PDffiLS  flowfield  inflngnce  the  turbulence 
prcqperties  of  the  flow.  A  ti^stream.  supersmic  s^nd  tnnnft|,  incorporating  a  two-dimensional 
planar  geometry  and  opexating  in  die  blowdown  mode,  was  qiedfically  designed  to  produce  a 
PIBLS  flowfield.  Preliminaiy  einietiments  have  demonintated  that  die  wind  tnnngl  ig  ciqMble  of 
producing  a  wide  range  of  PIBLS  flowfidds  sinqily  regulating  die  stagnation  pressure  of  the 
lower  stream  (jet  flow)  relative  to  the  imper  stream  (freemeam  fl^).  One  PIBLS  flow&ld  has 
been  chosen  in  vdiich  to  conduct  a  detail^  set  of  measurements.  flowfield  has  its  sqiatation 

point  located  about  ^  upstream  of  die  base  corner.  A  gtnc^  of  dus  PIBLS  flowfield  is 

underway  using  schlieren  photognqihy  and  shadowgrqih  pictures,  surnce  strealdine  visualization, 
surface  static  pressure  measurements,  and  two^omponent,  coincident  LDV  measurements. 

Unfortunately,  the  separation  tiiock  wave  associated  with  the  PIBLS  flowfields  is 

unsteady.  The  stream  wise  extent  of  the  nnstiaidinesit  wax  «etitnftti^  frrwn 
be  on  the  order  of  several  boundary  layer  thicknesses.  This  unsteadiness  poses  a  problem  when 
making  LD V  measurements  because  it  is  impossible  to  distinguish  between  velocity  fluctuations 
caused  by  the  turbulent  eddies  and  velocity  fiuctuatimis  earned  by  die  gross  movement  of  the 
separated  region.  Fortunately,  diis  problem  is  not  insurmountable.  A  conditional  san^ling 
technique  for  acquiring  and  analyzing  die  LDV  data  is  currendy  under  development  using  surface 
static  pressim  measurements  taken  from  fast-response  pressure  transdhicers  as  a  means  of  tracking 
the  separation  shock  wave  motion.  This  technique  effectively  reduces  the  length  scale  of  the 
unsteadiness  1^  eliminating  from  die  data  analysis  any  LDV  measurements  that  are  recorded  when 
the  shock  wave  is  outside  Ae  region  ctmfined  between  die  two  pressure  transducers. 
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HgureS.  Photograi^  of  die  PIBLS  Wind  Tunnel 


Figure  4.  Typical  Schlieren  Photograph  of  PIBLS  Flowfield 


Figure  5.  Typical  ShadowgnqA  of  PIBLS  Flowfield 


Figure  6.  Region  of  Interest  in  PIBLS  Flowfield 
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Figure  10.  Power  Spectral  Density  Esomate  ttf  the  I^essnre  Signal  in  the  Intennittmt  Regitm 


APPENDIX  A.11 


STUDY  OF  THE  NEAR-WAKE  STRUCTURE  OF  A  SUBSONIC 
BASE  CAVITY  FLOWFIELD  USING  PIV 


AIAA  Paper  No.  93-3040 

Presented  at  the  24th  AIAA  Fluid  Dynamics  Meeting 
Orlando,  Florida 
July  1993 


by 

M.  J.  Molezzi  and  J.  C.  Dutton 


AIAA  93-3040 
Study  of  the  Near-Wake 
Structure  of  a  Subsonic  Base 
Cavity  Fiowfield  Using  PIV 

M.  J.  Molezzi  and  J.  C.  Dutton 
Dept,  of  Mechanical  &  Industrial  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL 


AIAA  24th 

Fiuid  Dynamics  Conference 

July  6-9, 1993  /  Orlando,  FL 


For  pormlsslon  to  copy  or  ropubllsh,  eomaet  the  American  Institute  of  Aeronautics  and  Astronautics 
370  L'Enfant  Promenade,  S.W.,  Washington,  O.C.  20024 


STUDY  OF  THE  NEAR-WAKE  STRUCTURE  OF  A 
SUBSONIC  BASE  CAVITY  FLOWFIELD  USING  PIV 


M.  J.  Molezzi*  and  J.  C.  Duitco** 
Depanmem  of  Mechanical  and  bidusorial  Engincenng 
University  of  Illinois  at  Uitaana-Champaign 
Utbana.E.  61801 


Abstract 

A  new  particle  image  velodmetry  (PIV)  system  has 
been  used  to  study  the  near-wake  structure  of  a  two- 
dimensional  base  in  sidtsonic  flow  in  onkr  to  determine 
the  fluid  dynamic  mechanisms  of  observed  base  drag 
reduction  in  the  presence  of  a  base  cavity.  Experiments 
were  done  over  a  range  of  heestream  numbers  iq> 
to  0.8,  including  local  flowfield  velocities  over 
300  m/s.  Effects  of  the  base  cavity  on  the  von  Kdrmin 
vtfftex  street  wake  were  found  to  be  related  to  the 
expansion  and  diffusion  of  vortices  near  the  cavity, 
although  the  effects  are  of  small  magninutf,  and  no 
significant  change  in  the  vortex  formation  location  or 
path  was  observed.  The  base  cavity  effects  are  also  less 
significant  at  higher  freestream  velocities  due  to  the 
fnmation  of  votices  further  downstream  bom  die  oase. 
The  base  cavity  drag  reduction  was  found  to  be  mainly 
due  to  the  di^lacement  of  the  base  surface  to  a  locmion 
upstream  of  the  low-pressure  wake  vortices,  with  only  a 
slight  modification  in  the  vortex  street  itself. 

Introduction 

The  separated  flow  past  a  two-dimenskmal  body  at 
subsonic  speed  and  large  Reynolds  number  forms  a 
wake  structure  made  up  of  alternately  shed  vortices 
known  as  the  von  Kirmdn  vortex  street.  This 
commonly  occurring  structure  has  been  the  subject  of 
numerous  studies  beginning  with  von  Kdrmin's  first 
theoretical  analysis  of  vortex  streets^  A  significant 
feature  of  this  flowfield  is  the  interaction  of  the  low 
pressure  vortices  in  the  near-wake  with  the  downstream 
surface  or  base  of  the  body,  inducing  a  net  streamwise 
pressure  force  on  the  body  known  as  base  drag.  The 
base  drag  is  typically  a  significant  component  of  total 
drag,  even  for  slender  bodies  with  a  finite  thickness 
base.  For  this  reason,  drag  reduction  methods  based  on 
the  modification  of  the  vortex  street  have  received  much 
attention. 

One  effective  drag  reduction  method  is  the  use  of  a 
base  cavity,  which  is  the  subject  of  this  study.  It  has 


been  shown  experimentally  that  the  presence  of  a  solid- 
walled  cavity  in  the  base  of  a  slender  two-dimensional 
body  (see  Fig.  1)  increases  the  base  pressure,  resulting 
in  base  drag  reduction  of  up  to  30%^'^.  Otfaereftectscrf 
a  base  cavity  that  have  bra  experimentally  observed 
include  an  increase  in  vortex  shedding  fiequency  or 
Strouhal  number  as  compared  to  a  blunt  baise^*^  and 
limited  base  drng  leductko  for  a  cavity  dqxh  beyond 
qrproximately  half  the  base  height 

The  mechanism  of  drag  reduction  due  to  base 
cavities  is  as  yet  unclear,  although  several  theories  have 
bra  proposed,  all  oi  which  imidy  some  modification  of 
vortex  formation  location  and  reduction  in  vortex 
strength.  The  earliest  published  base  cavity 
experiments  were  done  by  Ni^  et  aL^  They  proposed 
di^  although  a  vortex  or  eddy  may  not  be  coirqiletely 
trapped  by  the  cavity,  the  cavity  does  have  a  stabilizing 
effea  on  standing  eddies  near  the  base,  implying  that 
the  vortices  form  at  least  partially  within  tte  cavity 
where  they  are  affected  by  die  cavity  walls.  Rtdlock' 
perftsmed  experiments  Insed  on  theoretical  work  by 
Ringleb^  who  suggested  that  a  stable  vortex  may  be 
trapped  in  a  cavity,  causing  the  wake  to  revert  to  a 
steady  flow.  Pollock  used  a  special  asymmetric  cusp¬ 
shaped  cavity  which  showed  no  advantage  in  dr^ 
reduction  over  a  rectangular  cavity,  in  effea  disproving 
Ringleb's  theory.  In  a  study  of  resonance  effects  on 
vcfftex  shedding,  Wood^  showed  that  restmance  of  the 
base  at  the  vortex  shedding  fiequency  causes  vortex 
framation  within  the  cavi^,  while  ftHmatioi  normally 
occurs  outside  the  cavity.  He  concluded  that  the  drag 
reduction  observed  for  base  cavities  must  be  due  to 
some  resonance  or  vibration  in  the  flowfidd,  moving 
the  vortices  into  the  cavity  where  the  solid  walls  restrict 
vratex  growth  and  inhibit  the  strength  of  successive 
vortices. 

A  study  of  axisymmetric  base  cavities  by 
Compton^  suggested  that  recirculation  within  the  cavity 
forms  a  co-flowing  stream  at  the  cavity  edge  which 
interacts  with  the  separated  freestream,  reducing  the 
vorticity  of  the  separated  shear  layer.  In  a  subsequent 
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study  of  axiqanmetiic  base  cavities,  Mosel^  suggested 
that  the  co-flowiiig  stream  could  be  an  impntam  effect 
in  two-dimensioiial  geometiies  IS  well  Kbue  recently. 
Kmiswyk  and  Dutton^  used  a  combinatiao  of  pressure 
measurements  and  flow  visualizaticn  techniques  to 
conclude  that,  although  vortex  modon  does  not  extend 
into  the  cavity,  oscillating  air  flow  at  the  cavity 
boundary  increases  fluid  mixing  in  the  near-wake, 
thereby  reducing  vortex  strength.  Their  results 
concerning  the  change  in  base  pressure  and  vortex 
sbeddiqg  flequency  due  to  a  base  cavity  are  shown  in 
Table  1.  llie  base  cavity  configuration  was  a 
rectangular  cavity  with  a  streamwise  dqith  equal  to  half 
the  base  height  A  base  cavity  with  a  depth  of  one  full 
base  height  was  also  used,  but  the  results  were  similar 
to  the  half  base  height  cavity.  The  experimental 
conditions  used  in  the  present  study  match  those  used 
by  Kmiswyk  and  Dutton^  to  facilitate  comparison  of 
data  The  results  in  Table  1  show  an  increase  of  10  to 
14%  in  the  base  pressure  coefflcient  which  is  non- 
by  reference  conditions  in  the  flow  just 
prior  to  separation  near  the  downstream  edge  of  the 
base.  The  relative  increase  in  the  Strouhal  number 
(vortex  shedding  frequency)  is  less,  although  still 
signiftcam.  Another  evident  feature  is  that  both  effects 
are  largest  <u  the  lowest  freestream  Mach  number. 

Two  notable  computational  simulations  of  two- 
dimensional  base  cavity  flows  have  also  been  done. 
Rudy^^  obtained  laminar  finite  difference  Navier-Stokes 
solutions  using  base  configurations  and  freestream 
Mach  numbers  of  0.4  and  0.6  that  matched  those  of 
Kmiswyk  and  Dutton^,  although  Rudy's  simulations 
used  freestream  Reynolds  numbers  (based  on  base 
height)  of  700  and  962  (significantly  lower  than  the 
experimental  values).  Clements  and  Maull^  used  an 
inviscid  discrete  vortex  method  for  simulations  of  their 
experimental  results.  Rudy's  results  more  accurately 
predicted  the  experimentally  measured  base  pressure 
increase  due  to  a  cavity,  but  both  simulations  showed 
vortex  formation  within  the  cavity  and  a  decrease  in 
shedding  frequency  due  to  the  cavity,  which  disagrees 
with  experimental  results.  Rudy  concluded  that  the 
observed  increase  in  base  pressure  with  a  cavity  was 
mainly  due  to  the  physical  displacement  of  the  base 
surface  away  from  the  low  pressure  vortices. 

The  wok  presented  here  will  take  advantage  of  both 
the  new  results  available  from  PIV  and  the  extensive 
experimental  and  computational  data  available  from 
Kriiiswyk  and  Dutton^  and  Rudy^^,  respectively.  The 
ability  to  directly  compare  results  from  several 
techniques  for  similar  base  geometries  and  flow 
conditions  will  allow  a  thorough  analysis  of  the  effects 
of  a  base  cavity  on  the  stmcture  and  properties  of  the 


flowfield,  leading  to  a  better  understanding  of  the 
mechanisms  diag  rethictioo. 

Equipment 

Test  Section 

Experiments  for  this  study  were  performed  in  a 
previously  fabricated  transonic  wind  tuimel  (Fig.  2) 
based  on  a  design  described  by  Little  and  Cubbage^^. 
The  tutmel  has  a  4”  x  4"  (101.6  mm  x  101.6  mm) 
test  section  with  solid  side  wdls  and  slotted  upper  and 
lower  inner  walls  to  relieve  the  blockage  effect  of 
models  in  the  subsonic  to  transonic  speed  range.  Six- 
inch  Hiawwtw  nwmd  windows  are  mounted  in  both 
sidewalls  to  allow  visualization  of  the  downstream  end 
and  near-wake  of  a  base  model.  The  tunnel  is  a 
blowdown  type  siqjplied  with  compressed  dry  air  from  a 
140  m^  tank  farm  at  120  ]»ia.  The  base  model  (Fig. 
3)  consists  of  an  ituerchangeabie  afrerbody  mounted  on 
a  wedge-shaped  forebody.  Trip  wires  are  mounted  on 
die  top  and  bottom  surfaces  near  the  upstream  edge  to 
assure  an  equilibrium  turbulent  boundary  layer  at 
sqiaration.  When  mounted  in  the  test  section,  the 
upstream  edge  is  located  approximately  17"  (432  mm) 
downstream  of  the  wind  tunnel  entrance  with 
qiproximately  0.7S"  (19  mm)  of  the  downstream  end  of 
the  model  visible  through  the  side  windows.  The 
afterbodies  used  are  a  bhmt  base  and  a  rectangular  base 
cavity  with  a  depth  ol  half  the  base  height  The  wind 
mnnel  and  base  models  are  the  same  as  those  used  by 
Kmiswyk  and  Dutton^. 

Modifications  have  been  made  to  the  original  wind 
uinnel  for  the  flow  seeding  and  optical  access  necessary 
for  this  study.  Slot-shaped  upper  and  lower  windows 
have  been  f;^ticated  arid  installed  in  the  outer  tunnel 
walls  for  access  with  a  vertically  propagating  planar 
laser  sheet  The  sheet  passes  through  the  lower  window 
and  through  one  of  the  streamwise  slots  of  the  inner 
wall  to  enter  the  test  section.  The  arrangement  of  the 
wall  slots  requires  the  position  of  the  sheet  to  be  10 
mm  off  the  tuimel  centerline  in  the  ^lanwise  direction, 
but  surface  flow  visualization  on  the  base  modeH  and 
laser  Doppler  velocimetry  (LDV)  data  in  the  near- 
wake  indicate  no  significant  variation  of  the  flow 
from  centerline  conditions.  Delivery  of  silicone  oil  seed 
for  Prv  is  done  by  two  TSI  six-jet  atomizers  feeding  a 
single  3/4”  O.D.  tube  that  enters  the  stagnation 
chamber.  Flow  from  the  stagnation  chamber  passes 
through  a  pair  of  screens  (44  x  44  mesh  screen  with 
57%  open  area)  and  enters  an  enclosure  at  the  nozzle 
oitrance  to  reduce  turbulence.  The  silicone  oil  seed  is 
then  injected  by  a  manifold  tube  with  a  series  of  holes 
directed  downstream  and  oriented  in  a  transverse 
(vertical)  plane  aligned  with  the  illuminating  laser 
sheet  The  flow  then  passes  through  a  2"  long  section 
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of  hooeycomb  with  a  3/16*'  cell  diameier  to  further 
reduce  turbulent  fluctmtions.  The  seed  injechon  is  done 
downstteam  of  the  screens  due  to  experience  with  LDV 
indicating  that  sUicone  oil  droplets  tend  to  build  up  on 
screens,  causing  Ivge  drops  to  fionn  and  bunt  dBF  which 
bias  velocity  measurements.  LDV  data  from  the  final 
tunnel  configuration  indicate  tunnel<emp(y  turbulence 
intensities  of  less  than  1%  at  the  fieesirrem  conditiaas 
used  in  this  study. 

PIV  System 

To  meet  the  objectives  set  forth  for  this  study,  data 
were  obtained  with  a  non-intrusive  velocity 
measurement  technique  called  particle  image 
velocimetry  (PIV).  PIV  is  perftxmed  by  illuminating  a 
seeded  flowfield  with  a  plaW  laser  she«  that  is  pulsed 
at  a  known  time  interval,  forming  two  or  more 
sequential  images  of  each  seed  particle  within  the  light 
sh^(Fig.4).  The  particle  images  are  ctqxured  on  film 
m  another  medium,  then  the  local  image  separatituis 
and,  therefore,  velocities  can  be  determined  for  the  enure 
plane.  Unlike  pointwise  techniques  such  as  LDV. 
which  provides  statistical  velocity  data  on  a  point-by¬ 
point  basis,  PIV  can  quantitatively  identify 
instantaneous  flow  structures  that  may  be  random  in 
nature  but  important  to  the  overall  behavior  of  the  flow. 
PrV  also  reve^  planar  views  of  three-dimensional  flow 
structures  that  are  smeared  by  volume  integration 
inherent  in  techniques  such  as  schlioen  photography. 
A  detailed  discussion  of  the  design,  developinent,  and 
validation  of  the  PIV  system  used  in  this  study  can  be 
found  in  References  12  and  13;  therefore,  only  a  brief 
discussion  is  given  below. 

The  acquisition  system  refeis  U)  the  equipment  used 
to  obtain  raw  particle  images  from  the  test  section 
flowfield  (see  Fig.  5).  This  system  c^tures  double 
images  of  each  particle  within  the  illuminated  laser 
sheet  by  using  two  Continuum  YG681C-10  NdiYAG 
lasers  equipped  with  fiequency  doubling  crystals  to 
provide  a  maximum  ouqiut  energy  of  550  mJ^ulse  at  a 
wavelength  of  532  nm  (green  light)  with  a  pulsewidth 
of  4-6  ns.  High-resolution  black-and-white  films  are 
very  sensitive  to  green  wavelengths  and  the  high 
visibility  of  the  green  light  also  simplifies  alignment  of 
the  two  beams  which  is  a  critical  factor  in  obtaining 
double  images  of  particles  in  the  flow.  Two  separate 
lasers  are  required  since  a  single  laser  cannot  generate 
two  distinct,  equal  energy  pulses  in  the  short  time 
interval  required  for  high-qieed  flows  (typically  less 
than  1  ps).  The  horizontally  and  vertically  polarized 
beams  of  the  two  lasers  are  combined  by  a  polarized 
beam  splitter,  then  shaped  by  spherical  and  cylindrical 
lenses  to  form  a  planar  beam  profile.  Beam  thickness 
and  width  at  the  test  section  can  be  controlled  by 


adjustment  ttf  the  beam  shaping  optics.  The  curmit 
study  used  a  beam  thickness  ctf  1.2  mm  and  width  ttf 
64  mm  at  the  test  section. 

The  phoiognphic  recording  trf  particle  images  is 
done  by  a  35  mm  camen  mounted  on  die  same  optical 
table  as  the  lasere  md  beam  shqnng  optics.  This 
allows  maintenance  of  the  relative  position  of  all 
optical  components  for  consistem  alignment  and  focus, 
llus  table  is  also  mounted  on  vibration-isolated 
uppocts  to  avoid  the  effects  of  laboratory  vibrations. 
The  camera  has  a  flat  field  1(X)  mm  macro  lens  with 
auto  film  wind  and  an  electronic  shutter  for  automated 
operation.  Other  features  of  the  acquisition  system 
include  automated  opeiatioo  of  the  laa^  camera,  and 
lest  sectioo  seeding  ^  means  of  an  Apple  Macintosh  n 
computer. 

Derivation  of  velocity  at  each  location  in  the 
flowfield  is  done  throu^  a  digital  analysis  of  the  PIV 
photograph  in  a  qiot  by  tpot  flohion  in  an  automated 
process  performed  by  an  interrogation  system.  The 
analysis  technique  used  in  the  present  PIV  system  is 
called  the  ’autocorrelation  method*.  Each  velocity 
vector  is  determined  from  a  small  r^ion  of  the  flowfield 
photograph  containing  multiple  panicle  image  pairs, 
called  an  inienogation  spot.  Each  qxK  is  illuminated, 
magnified,  and  viewed  by  a  video  camera.  The  video 
image  is  then  digitized  into  a  two-dimensioQal  army  and 
passed  to  an  array  processor  on  a  host  computer.  Two 
FFTs  and  other  array  opmaiions  are  then  p^ormed  to 
obtain  the  two-dimensional  autocorrelation  function  of 
the  original  spot  The  distance  from  the  origin  to  a 
peak  in  the  autocorrelatioii  fiiiictioa  corresponds  to  the 
separation  distance  of  particle  image  pairs  in  the 
original  spot,  which  in  turn  is  proportional  to  the  local 
particle  velocity.  The  array  processor  uses  a  centioidal 
peak-finding  routine  to  locate  the  three  highest  peaks  in 
the  autocorrelatior.  array.  Multiple  peaks  are  found 
since  the  peak  due  to  actual  particle  velocity  is 
sometimes  not  the  highest,  but  can  be  determined  by 
later  comparison  of  results  with  neighboring  velocity 
data.  The  three  peak  locations  ate  stored  and  the  process 
is  repeated  for  the  next  spot 

The  size  of  the  spot  used  for  each  individual 
velocity  vector  determines  the  spatial  resolution,  i.e., 
the  in-plane  dimensions  of  the  effective  probe  volume. 
The  data  shown  here  were  obtained  using  a  uniform  spot 
size  of  1  mm  x  1  mm  in  the  frame  of  reference  of  the 
test  section.  The  probe  volume  is  therefore  1  mm  by 
1  mm  (reot  size)  by  12  mm  (laser  sheet  thickness)  or 
1.2  mm^.  Velocity  vecuas  were  found  on  a  grid  with 
an  increment  of  mm  in  each  direction  (overlapping 
spots)  to  prevent  biasing  due  to  small  scale  motions  in 
the  flowfield. 
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Validation  expennwnts  have  been  perfonned  with 
this  Prv  system  usiitg  both  simulations  and  higb-tpeed 
flow  experiments,  indicating  a  maximum  total  error  in 
raw  PIV  velocity  measurements  of  less  than  3%^^. 
Random  error  niakes  up  a  significant  portion  of  the 
total,  and  is  reduced  by  post-processing  tqierations 
performed  tm  the  dau  as  described  in  the  following 
sectkrn. 

Results  and  Discussion 
Experimental  Conditions 

Experiments  were  initially  perfonned  with  two  base 
configurations  at  three  freesoeam  velocity  conditions, 
resulting  in  six  cases.  Flow  conditions  fcH’  each  case 
were  determined  by  running  the  test  section  without  the 
base  model.  The  test  section  flow  velocity  was 
measured  as  a  function  of  wind  tunnel  stagnation 
pressure,  allowing  the  appropriate  stagnation  pressure  to 
be  determined  for  each  desired  fieestream  velocity 
ctmdition.  This  stagnation  pressure  was  maintamed  for 
the  corresponding  experiments  with  the  base  model.  A 
summary  of  the  flow  conditions  and  base  configurations 
used  in  this  study  is  shown  in  Table  2.  including  the 
freestream  Reynolds  number  based  on  fieestream 
velocity  and  base  height  and  shorthand  notations  for 
each  case.  As  mentioned  previously,  these  cases  match 
those  used  by  Kruiswyk  ^  Dutton^  and  the  Mach  0.4 
and  0.6  fieestream  conditions  used  by  Rudy^^  with 
similar  base  configurations. 

As  expected  from  inviscid  flow  theory,  the 
measured  velocity  just  outside  the  boundary  layer  at  the 
downstream  edge  ttf  the  base  (reference  Mach  number  in 
Table  2)  is  greater  than  the  associated  fieestream 
velocity  due  to  local  compression  of  streamlines  near 
the  body.  The  mean  measured  reference  Mach  numbers 
for  each  case  were  found  to  match  the  reference  Mach 
numbers  quoted  by  Kruiswyk  and  Dutton^  for  the 
associated  fieestream  conditions.  The  velocity  data  fixm 
individual  flowfield  realizations  showed  some  variation 
from  the  desired  reference  velocities  (maximum  9%)  due 
to  the  lack  of  tunnel  control  valve  resolution  at  the 
small  stagnation  pressures  required  and  due  to  changes 
in  the  stagnation  temperature  of  the  supply  air  from  run 
to  run.  A  simple  scaling  factor  was  therefore  applied  to 
the  velocity  data  from  each  flowfield  realization  to 
account  for  these  variations. 

Fifteen  flowfield  realizations  were  obtained  for  each 
of  the  Mach  0.4  and  Mach  0.6  cases  listed. 
Realizations  were  also  obtained  for  each  of  the  Mach 
0.8  cases,  but  difficulties  with  seeding  density  in  the 
vortex  street  prevents  the  use  of  those  cases  in  the 
quantitative  analysis  presented  here^^.  Each  individual 
realization  consists  of  an  array  of  6831  (99  x  69) 
instantaneous  velocity  vectors  with  0.5  mm  pacing  in 


both  the  sneamwise  and  transverse  directions.  By 
defining  the  coordinate  system  as  positive  x  in  the 
streamwise  direction  and  positive  y  in  the  transverse 
diiectioo  with  the  origin  at  the  center  of  the  downstream 
base  edge,  each  realization  covers  the  wake  from  x  > 
1  mm  to  50  mm  and  fiom  y  «  -17  mm  to  17  mm. 
This  regioo  extends  33  base  heights  downstream  of  the 
afi  edge  of  the  base. 

Individual  Plowfieid  Realizations 

An  example  taw  velocity  vectex'  plot  fiom  a  single 
Mach  0.6  blunt  base  (I^b)  reahzation  is  shown  in  Fig. 
6.  As  noted  in  the  figure,  only  every  odier  vector  fiom 
the  actual  data  set  is  plotted  for  the  sake  of  clariQr.  The 
raw  PIV  data  shown  have  a  limited  number  of  invalid 
vectors  which  have  been  removed.  This  is  necessary  in 
the  application  of  PIV  since  photographic 
imperfections,  lack  of  particle  images  at  a  particular 
location,  and  other  random  factors  cause  a  small 
percentage  of  invalid  measurements  which  must  be 
corrected  during  processing.  This  is  done  automaticaUy 
in  software  which  scans  the  raw  velocity  field  and  uses 
an  algorithm  requiring  satisfaction  of  both  absolute 
velocity  limits  and  velocity  gradient  limits  in  the 
flowfield  for  accqrtance  of  data.  The  raw  velocity 
realizations  used  in  this  study  had  anywhere  fiom  92% 
to  98%  valid  data  which  is  comparable  to  rqponed  PfV 
data  validation  rates  in  the  literature.  The  missing  data 
are  then  filled  in  fiom  neighbtxing  data  by  a  two- 
dimensional  linear  interpolation  method^^.  Finally,  the 
vector  field  is  smoothed  by  convolution  with  a 
Gaussian  kemel^^  to  diminate  random  noise  caused  by 
image  imperfections,  video  noise,  and  other  factors. 
The  kernel  convolution  is  the  analog  of  a  low-pass 
digital  filter,  only  in  two  dimensions.  The  resulting 
smomhed  vdocity  vector  field  corresponding  to  Fig.  6 
is  shown  in  Fig.  7.  This  step  is  crucial  when  qratial 
differentiation  is  to  be  perfonned  on  the  vector  fidd  to 
derive  quantities  such  as  vorticity,  since  any  high 
frequency  random  error  will  be  accentuated  by 
differentiatkn. 

In  mder  to  analyze  vortex  location  and  strength,  the 
out-of-plane  vorticity 


was  computed  for  each  flowfield  realization.  This  was 
done  by  central  differencing  of  the  (Higinal  velocity  data. 
A  color  plot  of  vorticity  with  overlaid  velocity  vectors 
corresponding  to  Figs.  6  and  7  is  shown  in  Fig.  8. 
These  data  present  a  new  capability  for  quantitatively 
analyzing  sqiarated  compressible  flow  structure  which 
has  u>  this  point  been  impossible.  One  of  the  notable 
features  in  Fig.  8,  which  holds  for  all  realizations  at  all 
experimental  conditions,  is  the  significant 
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fiagmentstiaii  of  the  vortices  as  they  shed  from  the 
sqMtfated  shear  layen  at  the  aft  edge  of  the  base.  Hiisis 
indicative  of  the  level  of  boiindaiy  layer  turtwleoce 
prior  10  sqMration  and  its  effect  on  the  turbulent 
structure  of  the  wake.  This  is  oonfitmed  by  boundary 
layer  turbulence  intensity  measurements  iqr  to  S% 
using  LDV^^.  and  fim  teaponae  pressure  measutemenis 
made  in  the  wake  by  Kzuiswyk  and  Dutton^  wfaicfa 
showed  a  broad  range  of  qrec^  densi^  peaks  along 
with  the  strongest  peak  at  the  vortex  shedding 
frequency,  indicating  the  siqrerpositioa  of  the  vortex 
street  on  a  random  turbulent  flowfieUL  Turbulence 
energy  is  therefore  transfeiied  in  the  wake  from  the  large 
scale  vortices  to  smaller  scales,  causing  the  gradual 
breakdown  of  distinct  vortices  as  they  travel 
downstream. 

Vorticity  SUtUtIci 

As  mentioned  earlier,  previous  theories  regarding 
the  mechanism  of  base  cavity  drag  reduction  all  hinge 
on  some  modification  of  vortex  strength  and/or 
position.  For  this  reason,  it  is  desirable  to  use  the 
vorticity  data  now  available  to  examine  vortex  path  and 
strength,  both  with  and  without  base  cavities.  Due  to 
the  turbulent  nature  of  the  flowfield  and  the  resulting 
vortex  fragmentation  discussed  previously,  it  is  rather 
difficult  to  selea  a  particular  location  for  each  vortex  in 
an  instantaneous  realization.  Therefore,  a  statistical 
method  was  adopted  to  estimate  vortex  path  and 
strength.  Due  to  the  alternate  shedding  of  the  wake 
vortices,  successive  vortices  have  peak  vorticity  values, 
(Oz,  of  alternating  sign,  causing  the  mean  vorticity  to 
go  to  zero  where  the  opposing  vortex  paths  overlap. 
Since  only  the  vorticity  magnitude  is  necessary  for  the 
determination  of  vortex  strength  and  path,  it  was  decided 
to  derive  the  root  mean  square  (RMS)  vorticity  for  each 
experimental  case,  which  is  defined  at  each  flowfield 
location  (x,  y)  by 


where  the  index  i  rqiresents  each  individual  realization 
for  the  experimental  case  of  interest  and  N  is  the  total 
number  of  realizations,  or  IS. 

The  results  for  the  M4b,  M4c,  M6b,  and  M6c  cases 
are  shown  in  Fig.  9.  These  plots  show  the  region 
within  approximately  one  base  height  of  the  aft  edge  to 
concentrate  on  the  notable  features.  Although  some 
data  scatter  is  present  due  to  the  turbulence  level  and 
limited  ensemble  size,  these  plots  do  reveal  useful 


information  about  cavity  effects.  One  of  the  fust 
noticeable  features  is  the  presence  of  the  free  shear 
layers  at  each  separation  pt^  and  their  extension  into 
the  wake.  At  a  point  less  than  half  of  a  base  height 
downstream,  they  rqhdly  lose  strength,  indicating  the 
mean  location  at  which  free  vortices  break  off  into  the 
wake,  or  the  vortex  formation  location.  Lines  have 
been  included  on  the  plots  to  identify  the  mean  diear 
layer  location,  shape,  and  tength.  Each  line  was 
determined  by  a  curve  fit  lo  the  peak  vorticity  values  in 
die  shear  layer,  with  the  line  terminating  at  the  point 
where  the  vorticity  drops  below  67%  of  the  maximum 
scale,  or  67.0(X)  s'^  for  the  M4b  and  M4c  cases,  and 
1(X)4X)0  s*^  for  the  M6b  and  M6c  cases.  This  allows  a 
rdative  comparison  of  the  shear  layer  lengths  between 
an  four  cases. 

Table  3  shows  the  average  shear  layer  length  and 
the  transverse  separation  distance  of  the  shear  layer 
eat^ints  for  each  case  shown  in  Rg.  9.  Although  the 
average  shear  layer  length  is  0.6  mm  diorter  for  the 
M6c  case  than  the  M6b  case,  the  difference  of  0.1  mm 
is  not  significant  fot  the  Mach  0.4  cases.  The 
asymmetry  in  the  shear  layers  propagating  from  the 
upper  and  lower  base  cornen  for  a  given  case  also 
prevents  drawing  any  firm  conclusion  of  a  change  in 
vortex  formation  location  due  to  the  cavity,  although 
wake  static  pressure  data  were  used  by  Kruiswyk  and 
Dutton^  to  conclude  that  vortex  formation  occurs 
further  downsueam  due  to  the  cavity  for  a  Mach  0.4 
freestream  velocity. 

Figure  9  does,  however,  reveal  that  the  angle  of 
convergence  of  the  shear  layers  toward  the  transverse 
centeriine  appears  steeper  fm  the  base  cavity  cases  than 
for  the  blunt  base.  Thm  may  also  be  a  slight  increase 
in  shear  layer  curvature,  although  it  is  difficult  to 
determine  conclusively.  Increased  shear  layer  curvature 
would  indicate  a  larger  pressure  gradient  across  the  shear 
layer,  which  would,  in  turn,  imply  that  the  cavity 
causes  lower  mean  static  pressure  in  the  region  just 
inside  the  shear  layer  and  just  past  the  separation  point 
However,  this  must  be  only  a  local  effea  confined  near 
the  shear  layer,  since  the  cavity  has  been  shown  in 
previous  research  to  increase  the  mean  pressure  at  the 
base  surface,  which  is  upstream  of  the  shear  layers 
inside  the  cavity. 

Convergence  of  the  shear  layers  causes  the 
transverse  separation  distance  between  the  two  shear 
layers  to  be  reduced  at  their  en(4»ints  (see  Table  3), 
explaining  the  increase  in  shedding  frequency  observed 
by  Kruiswyk  and  Dutton^  for  the  base  cavity  (see  Table 
1).  As  stated  by  Fage  and  Johansen^^,  the  shedding 
frequency  in  a  vortex  street  is  inversely  (Koportional  to 
the  separation  distance  of  the  shear  layers  in  the  wake. 
When  the  shear  layer  separation  is  reduced  in  the  base 
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cavity  wake  due  to  convergence,  it  follows  that  the 
sfaedi^  frequency  inaeases. 

In  examining  the  vcctex  path  just  downstream  of 
the  shear  layen.  reduced  vortex  strength  due  to  the  base 
cavity  can  be  seen  in  Fig.  9  for  both  freetaeam  Mach 
numbers.  In  an  effwt  to  quantify  this  result,  the 
spatially  avenged  RMS  vonici^  was  calculated  for  eadi 
case  in  Rg.  9  over  a  region  exreading  between  the  two 
shear  layer  endpoints  (in  the  transverse  diiecdon)  and 
extending  from  the  longest  shear  layer  endpoint  to 
7.S  mm  downstream  of  that  endpoint  (in  the 
streamwise  direction).  This  region  was  chosen  to 
uniformly  cover  the  initial  vortex  path  for  each  case. 
The  results  are  shown  in  Table  4.  Although  the  data 
scatter  in  Fig.  9  makes  small  differences  difficult  to 
determine  visually,  the  data  in  Table  4  diow  that  the 
average  RMS  vcffticity  level  is  indeed  reduced  by  the 
cavity  for  both  freestream  Mach  numbers,  implying  a 
small  decrease  in  vorrex  strength. 

Finally,  any  effect  of  the  base  cavity  on  mean 
vortex  path  is  not  clear  from  Fig.  9.  although  it  is 
evident  that  turbulence  causes  the  vorrex  path  to  be 
somewhat  random,  since  the  RMS  vorticity  magnitude 
peaks  are  widely  scattered  in  the  wake  for  all  cases. 

The  effects  of  increasing  Mach  number  on  the  shear 
layers  include  a  small  increase  in  shear  layer  sqnratitm 
(see  Table  3)  which  seems  to  be  caused  by  a  reduction 
in  both  the  initial  convergence  angle  and  the  curvature 
of  the  shear  layers,  and  can  be  auributed  to  increased 
streamwise  momentum  in  the  fluid  stream  outside  the 
wake.  The  shear  layers  are  also  extended  by 
approximately  1  mm  for  the  Mach  0.6  freestream  cases 
versus  Mach  0.4.  causing  the  vortex  formation  to  occur 
further  downstream  of  the  base  edge.  However,  any 
change  in  vortex  path  downstream  of  the  shear  layers 
due  to  the  increase  in  freestream  velocity  is  not  evident 
from  these  data.  Displacement  of  the  vortex  formation 
location  further  downstream  of  the  base  would  serve  to 
explain  the  reduced  effectiveness  of  the  cavity  at  higher 
Mach  number  as  shown  by  Kruiswyk  and  Dutton^  (see 
Table  1).  As  the  vtmices  form  further  away  from  the 
base  at  higher  Mach  number,  their  effect  on  the  pressure 
at  the  base  surface  is  reduced,  causing  any  modificaticm 
of  the  vortex  street  due  to  the  cavity  to  have  less 
relative  effect  on  the  base  pressure. 

Instantaneous  Wake  Structure 

Further  information  on  base  cavity  wake  effects  can 
be  obtained  by  comparing  the  instantaneous  wake 
structure  fw  the  blunt  base  and  base  cavity  at  a  similar 
point  in  the  vortex  shedding  cycle.  For  each  freestream 
velocity  condition,  realizations  were  selected  from  the 
two  base  configurations  with  closely  matching  vortex 
locations  in  the  near-wake.  Velocity  vector  plots  for 


the  best  match  from  the  M4b  nd  M4c  cases  arc  shown 
in  Fig.  10,  with  plots  from  the  Mft  and  M6c  cases 
shown  in  Fig.  11.  As  in  Figs.  6-8.  these  velocity 
vector  plots  show  tmly  every  other  vector  in  each 
diiectioo  for  the  sake  of  clarity.  It  is  evident  from  Figs. 
10  and  11  that  for  each  pair  of  realizatkms.  the  center 
point  of  Ok  first  vortex  downstream  tff  the 
base  to  within  1  mm  in  each  direction. 

Each  of  these  realizations,  along  with  others  not 
shown  here,  indicates  that  the  drculating  region  around 
a  frrlfy  formed  vortex  entering  the  wake  covers  most  of 
the  base  height,  which  is  confirmed  by  the  results  of 
Kruiswyk  and  Dutton^.  However,  in  b^  Figs.  10  and 
11.  a  «ignifira«t  difference  in  the  vortices  due  to  die 
cavity  is  evident.  In  the  presence  of  the  base  cavity,  the 
drculating  region  arou^  the  fully  formed  vortex  is 
more  extended  in  all  directions,  diffusing  the  vortex 
motion  over  a  larger  r^on.  Although  velodty  data  are 
available  only  u>  within  1  mm  (ff  the  base  boundary, 
the  vortex  seems  to  extend  partially  into  the  cavity 
boundary  (see  first  column  of  vectors  at  x  s  i  mm  arul 
y  s  -7.S  mm  to  7.S  mm  in  Figs.  10  (b)  and  1 1  (b)), 
biu  the  relatively  small  magnitude  of  this  motion  and 
the  distance  of  the  vortex  center  from  the  cavity 
predudes  the  vorrex  from  being  seriously  inhibited  by 
the  cavi^  walls.  The  extension  of  the  vortices  partially 
into  the  cavity  is  confirmed  by  tuft  visualization 
experiments  done  by  Kruiswyk  and  Dutton^,  which 
showed  that  shm  strands  of  lightweight  thread  hung  at 
the  cavity  boundary  oscillated  back  and  forth  into  the 
cavity  in  the  streamwise  direction,  with  small 
oscillations  in  the  spanwise  direction.  However,  surface 
flow  visualization  experiments  performed  to  determine 
the  interaction  of  the  vortices  with  the  inner  walls  of 
the  cavity  indicated  very  little  fluid  motion  on  the  walls 
(Le.,  very  small  cavity  wall  shear  stress),  even  near  the 
cavity  boundary.  The  RMS  vorticity  data  obtained  here 
also  show  no  evidence  of  vorrex  formation  near  the 
cavity  bouiulaty  (see  Fig.  9),  so  it  is  not  likely  that  the 
vortices  extend  far  enough  into  the  cavity  to  be 
seriously  inhibited  by  the  cavity  walls. 

Another  feature  of  the  vortex  expansion  shown  in 
Figs.  10  and  11  is  that,  with  the  base  cavity,  the 
vortices  extend  far  enough  across  the  wake  to  affea  the 
opposing  shear  layer.  For  example,  in  Fig.  1 1  (b),  the 
fully  formed  vortex  shed  from  the  lower  separation 
point  clearly  interacts  more  strongly  with  the  upper 
shear  layer  than  is  the  case  for  the  blunt  base  in  Fig.  1 1 
(a). 

To  examine  this  interaction,  the  instantaneous 
v(»ticity  is  plotted  in  Figs.  12  and  13  fm  each  of  the 
four  realizations  shown  in  Rgs.  10  and  1 1.  From  these 
plots,  the  shear  layer  position  can  be  determined,  and  is 
indicated  by  a  line  in  the  same  manner  as  in  Fig.  9. 


6 


The  fluid  mocioD  near  the  shear  layers  due  to  vortex 
expansion  across  the  wake  is  also  shown  with  curved 
arrows.  One  effect  from  interaction  of  the  diffused 
vortices  with  the  opposing  shear  layers  is  a  folding  of 
the  shear  layer  region  toward  the  transverse  ccnteriine. 
For  exanqde.  in  Rg.  13  (b),  the  iqiper  shear  layer  gains 
transverse  momentum  toward  the  centerline  at  locatioos 
iqistreani  the  vortex  center.  The  sidtsequent  incteaae 
in  shear  layer  curvature  and  convergence  angle  in  the 
area  upstream  of  the  vortex  center  is  clearly  evidem 
from  both  base  cavity  plots  flower  shear  layer  in  Fig. 
12  (b)  and  iqtper  shcff  layer  in  Fig.  13  (b)).  Evidence 
of  the  vortex  interaction  with  remnants  of  the  shear 
layer  downstream  of  the  vortex  center  is  also  apparent 
with  the  corresponding  motion  away  from  the  transverse 
centerline. 

Another  effect  of  diffused  vortex  motion  is  thru 
increased  vnticity  in  tlie  area  just  inside  of  die  shear 
layers  and  just  downsoeam  of  the  sq»mtion  point  can 
reduce  the  local  pressure,  thereby  increasing  the 
curvature  of  the  shear  layer,  an  effect  which  was 
discussed  previously.  However,  increases  in  vorticity 
magnitude  near  the  shear  layers  which  would  be 
associated  with  reduced  pressure  are  not  readily  apparent 
in  Figs.  12  (b)  and  13  (b). 

The  instantaneous  flow  structure  data  can  also  be 
used  for  comparison  to  the  numerical  simuladon  of  this 
flowfield  done  by  Rudyl^.  This  study  used  a  time* 
accurate  simulation  of  the  Navier-Stokes  equations  to 
compute  the  laminar  flow  past  base  models  similar  to 
those  used  in  the  present  experiments,  with  the  only 
diffinence  being  in  the  transverse  cavity  height,  which  is 
equal  to  90%  of  the  total  base  height  in  the  amulaticms 
and  80%  of  the  base  height  in  the  present  experiments. 
As  previously  mentioned,  the  simulations  were  done  fw 
freestream  Mach  numbers  of  0.4  and  0.6  and  at 
relatively  low  freestream  Reynolds  manbui  (based  on 
freestream  velocity  and  base  height)  of  700  and  962  for 
Mach  0.4  and  Mach  0.6,  respectively. 

Instantaneous  vorticity  plots  have  been  selected 
from  the  Mach  0.6  simulations  that  most  closely  match 
the  stage  of  vortex  development  indicated  by  the 
experimental  results  shown  in  Fig.  13.  The 
simulations  corresponding  to  the  M6b  and  M6c 
experimental  cases  are  shown  in  Figs.  14  (a)  and  (b).  In 
comparing  these  plots  to  Figs.  13  (a)  and  (b),  it  can  be 
seen  that  there  are  some  significant  differences  in  the 
vortex  structure.  The  lack  of  turbulence  in  the 
simulations  and  the  resultant  discrepancy  from  the 
experimental  wake  structure  (lack  of  small-scale 
turbulence  and  vortex  fragmentation)  are  evident  The 
simulations  also  show  that  the  vortices  are  elongated  for 
both  the  blunt  and  cavity  configurations,  especially  for 
the  base  cavity  where  the  vortex  stretches  in  the 


axeamwiae  diiectioa  as  it  eiqiands  into  the  cavity, 
causing  vonex  motkm  far  mio  the  cavity.  Additumal 
data  froeu  Rudy^^  also  show  distinct  vociioes  fonning 
near  the  cavity  boundary  at  the  transverse  center  of  the 
wake.  Altho^  the  PIV  data  do  not  extend  into  the 
cavity,  the  scale  of  the  fluid  motion  at  the  boundary  and 
the  vortex  formation  location  indicated  by  the 
experiments  do  not  support  these  results.  Rudy 
recognized  the  limitations  of  his  computations  and 
suggested  funse  snidies  to  include  both  higher  Reynolds 
numbers  and  turbulence  modeling  to  more  accurately 
predkt  experimental  results  under  typical  Reynolds 
number  conditkais. 

Conclusions  and  Summary 

Analysis  of  the  time-resolved  flowfield  structure  in 
the  turbulent  separated  wake  of  a  base  cavity  has  been 
made  possible  by  implementation  of  a  new  particle 
image  velocimetry  (PIV)  system.  The  data  obtained 
have  died  light  on  die  effects  of  the  base  cavity  and  on 
the  mechanism  by  which  it  reduces  base  drag. 

The  evidence  presented  indicates  that  the  most 
prominent  effects  trf  a  base  cavity  on  the  vortex  street 
wake  are  the  moeased  convergence  of  the  separated  shear 
layers  from  each  base  corner  toward  the  transverse  wake 
centerline  and  the  diffusion  of  vortex  motion  due  to  the 
expansion  of  individual  vordoes  partially  into  the  cavity 
and  across  the  near-wake.  The  diffusion  of  the  vortices, 
in  uim,  reduces  their  strength  by  approximately  4%  to 
6%.  although  the  vortices  do  not  f«m  further  upstream 
due  to  the  cavity  and  are  not  significantly  inhibited  by 
the  cavity  walls.  These  effects  are  seen  at  both 
freestream  conditions  examined  here.  It  is  also  evident 
that  the  effects  are  less  significant  at  higher  freestream 
velocities  due  to  the  extension  of  the  separated  shear 
layers  and  the  movement  of  the  vortex  formation 
location  further  downstream  of  the  aft  edge  of  the  base, 
thereby  reducing  the  effect  of  the  cavity  on  the  vortices. 
These  specific  wake  structure  effects  provide  the 
infmnation  necessary  for  determination  of  the  drag 
reduction  mechanisms  d  base  cavities. 

The  apparent  mechanism  of  the  observed  base 
cavity  wake  modifications  depends  on  the  replacement 
of  the  solid  boundary  of  the  blunt  base  with  the 
compliant  fluid  boundary  of  the  base  cavity.  This 
compliam  boundary  allows  greater  expansion  of  vortex 
motion  and  a  resulting  small  increase  in  shear  layer 
convergence  toward  the  transverse  centoline  due  to  the 
interaction  of  each  vmtex  on  the  upstream  part  of  the 
opposite  shear  layer.  However,  the  vortex  formation 
io^on  does  not  occur  any  closer  to  the  aft  edge  of  the 
base  for  the  cavity  case.  These  results  refute  the 
theories  of  Nash  et  al.^.  Pollock^,  Ringleb^,  and 
Wood^,  all  of  which  assume  that  the  vortices  are 
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somdiow  aliped  or  ittbilir-ed  by  intenctiir  with  the 
toner  walk  of  the  cavity.  The  suggestion  by 
ConqNoo*  and  Morel^  that  a  co-flowing  stream  sheds 
fitoin  the  cavity  wall  is  partially  valid  in  that  them  is 
sone  moineatary  outflow  firom  one  edge  of  the  cavity 
when  vtxtex  motion  paitialiy  extends  into  the  cavity, 
bin  the  magnitiide  of  the  raotkm  seems  to  be  genenlly 
very  small  and  too  short-lived  to  affect  the  general 
vonicity  level  in  dm  shear  layer  prior  to  vortex 
formation.  This  conclusion  is  confirmed  by  the  sutCsoe 
flow  experiments  of  Kxuiswyk  and  Dutton^  which 
inriigate  little  OT  no  fluid  motion  on  the  inner  walk  ai 
the  cavity.  The  proposal  by  Kiuiswyk  and  Dutton^  that 
periodic  fluid  mixing  at  the  cavity  boundary  is 
responsible  for  a  reduction  in  vortex  snength  is  closest 
to  being  in  agreement  with  the  present  results,  since 
some  mixing  must  occur  as  each  vortex  pardy  extends 
into  the  cavity,  although  the  reduction  in  vortex 
strength  is  smaU. 

Aside  from  the  mechanisms  of  wake  modification, 
one  must  consider  the  mechanism  of  the  base  pressure 
increase  and  subsequent  drag  reduction  due  to  base 
cavities.  It  is  true  that  the  effects  described  above 
modify  and  slighdy  weaken  the  vortex  street,  which,  in 
turn,  should  slighdy  increase  the  pressure  in  the 
vicinity  of  the  vortices  in  the  near-wake.  However,  the 
wake  structure  changes  are  relatively  small  and  the 
vortex  formation  location  and  path  ate  not  significandy 
modified.  Without  a  significant  change  in  the  strength 
or  location  of  the  vortices  in  the  near-wake  due  to  the 
base  cavity,  it  seems  that  the  most  significant  factor 
affecting  the  base  pressure  is  the  physical  displacement 
of  the  base  surface  within  the  cavity  to  a  position 
upstream  of  the  wake,  where  it  does  not  interact  with 
the  low  pressure  vortices.  This  is  the  conclusion  drawn 
by  Rudy^^,  although  his  numerical  simulations  showed 
the  vortices  extending  far  into  the  cavity  with 
corre^nding  effects  on  the  wake  sttucoire. 

In  summary,  the  drag  reduction  mechanism  of  a 
base  cavity  in  subsonic  flow  is  the  physical 
displacement  of  the  base  surface  away  from  the  vortex 
street  wake,  which  is  only  slighdy  modified  by  the 
presence  of  the  cavity. 
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Tabic  1  Base  prcasarc  aad  abcddiai  frcqucacj  effccu  due  to  bacc  cavity 
(tafcca  frMs  Kratnryk  aad  Dattoa^) 


Ireesiieani 
Mach  No.  (Mm) 


lieesL  ja 
Reyno*'’  No.  (RCm) 


1.36  X  105 
1.82  X  105 
2.09  X  105 


Base  Pressure  Codlicieot  (C^ 
Increase.  % 


Strouhal  No.  (St) 
Increase,  % 


Table  2  Expcrlmcatai  coadltioas 


Experimental 

Case 


Table  3  Base  How  (bear  layer  length  and  separation 


Average  Shear  Layer 
Stieamwise  Length 
(mm) 


Cavity 
%  Change 


Shear  Layer  Endpoint 
Transverse  Sqaaration 
(mm) 


Cavity 
%  Change 


3.5 

2.8 

-5.2  1 

Table  4  Base  How  ncar>wake  vortex  strength 


Experimental 

Case 


Spatially  Averaged  RMS  Vortkity 
s'^ 


42590 

40890 


66120 

62490 


Cavity 
%  Change 
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University  of  IlliiK>is  at  Urbana-Champaign 

ABSTRACT 

An  experimental  investigation  has  been  conducted  to  study  the  flowfield  behind  a  blunt- 
based  circular  cylinder  aligned  with  a  supersonic  freestream.  The  experiments  have  been 
conducted  in  a  newly  designed  axisymmetric  wind  tunnel  facility  at  a  nominal  approach  Mach 
number  of  2.5.  A  cylindrical  sting  aligned  with  the  axis  of  the  wind  tunnel  provided  the  physical 
support  for  the  bases  and  afterbodies.  Qualitadve  flowfield  information  was  obtained  with  spark- 
schlieren  photography  and  surface  oil  visualization.  Mean  wall  static  pressure  measurements  were 
made  across  the  base  and  along  the  sting  parallel  to  the  wind  tunnel  axis.  A  two-component  laser 
Doppler  velocimeter  (LDV)  system  was  used  to  document  the  mean  and  turbulent  velocity  fields 
near  the  shear  layer  reattachment  point.  In  addition,  the  nozzle  approach  flowfield  including  the 
sting  boundary  layer  profile  was  measured  with  a  one-component  LDV  configuration.  The  base 
pressure  measurements  indicated  only  a  small  dependence  on  radial  location  with  an  average  base 
pressure  coefficient  of  -0.102.  Interference  waves  generated  at  the  junction  of  the  nozzle  exit  and 
test  section  were  found  to  have  a  large  effect  on  the  base  pressure  profile  at  certain  operating 
conditions  but  could  be  eliminated  by  proper  operation  of  the  tunnel.  The  shear  layer  reattachment 
point  was  found  to  lie  1.4  base  diameters  downstream  of  the  base  plane.  The  entire  region 
surrounding  the  reattachment  point  was  characterized  by  large  turbulence  intensities  and  steep 
radial  velocity  gradients. 
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PARTICLE  IMAGE  VELOCIMETRY 
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ABSTRACT 

A  particle  image  velocimetry  (PIV)  system  has  been  developed  for  use  as  a  non-intrusive 
laser  diagnostic  tool  to  complement  laser  Doppler  velocimetry  (LDV)  in  high  speed  (transonic  and 
supersonic)  wind  tunnel  studies.  The  PIV  system  is  capable  of  extracting  instantaneous  two- 
dimensional  velocity  maps  within  a  flow  by  recording  double  images  of  seed  particles  on 
photographic  film  and  then  examining  the  local  displacement  of  panicle  images  to  determine 
velocity  vectors.  The  image  acquisition  system  uses  two  high  power  pulsed  Nd:YAG  lasers 
focused  into  a  thin  light  sheet  to  illuminate  seed  particles  for  recording  on  either  35  mm  or  4"  x  5" 
format  film,  with  control  of  seeders,  lasers,  and  the  camera  shutter  performed  by  a  Macintosh  II 
computer.  Interrogation  of  the  double-exposed  photographs  to  extract  velocity  informaticm  is  done 
on  an  image  processing  system  based  on  a  50  MHz  Macintosh  workstation,  a  HeNe  laser  film 
illumination  source,  automated  positioners  to  handle  the  film,  and  a  CCD  array  camera.  The 
design  of  the  acquisition  system,  including  special  considerations  for  PFV  in  high  speed  flows,  is 
discussed.  The  theory  and  design  of  the  interrogation  system  is  described  in  detail.  Finally, 
results  from  the  cases  used  to  validate  and  demonstrate  the  PFV  system  are  pnesented. 
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DEVELOPMENT  AND  APPLICATION  OF  PARTICLE  IMAGE  VELOCIMETRY 
IN  HIGH-SPEED  SEPARATED  FLOW:  TWO-DIMENSIONAL  BASE  CAVITIES 
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University  of  Illinois  at  Urbana-Champaign 

ABSTRACT 

A  new  particle  image  velocimetry  (PIV)  system  has  been  developed  to  obtain  two- 
dimensional  instantaneous  velocity  data  over  a  planar  region  in  high-speed  separated  Hows  for  the 
quantitative  analysis  of  turbulent  and  unsteady  flow  structures.  This  PIV  system  is  the  first  of  its 
type  to  incorporate  sub-micron  seed  particles  and  birefnngent  image  shifting  for  the  resolution  of 
flow  velocity  in  separated  regions.  The  system  was  also  developed  with  improved  in-plane  spatial 
resolution  over  previous  high-speed  flow  PIV  applications  by  using  a  1.0  mm^  interrogation 
region  (in  flowfield  dimensions)  for  each  independent  velocity  measuremenL  The  system  has  been 
proven  in  preliminary  experiments  using  a  simple  low-speed  round  jet  flow  and  has  been  validated 
for  accuracy  with  both  known-displacement  simulated  PIV  photographs  and  uniform  flow 
experiments  at  Mach  0.5  (170  m/s)  for  comparison  to  pressure  and  laser  Doppler  velocimeter 
(LDV)  data. 

The  PIV  system  was  also  used  in  a  study  of  the  near-wake  structure  of  a  two-dimensional 
base  in  subsonic  flow.  This  application  was  chosen  in  order  to  determine  the  fluid  dynamic 
mechanism  of  the  observed  base  drag  reduction  in  the  presence  of  a  base  cavity.  Experiments  were 
done  over  a  range  of  freestream  Mach  numbers  up  to  0.8,  including  local  flowfield  velocities  up  to 
300  m/s.  Effects  of  the  base  cavity  on  the  von  K^rmdn  vortex  street  wake  were  found  to  be  related 
to  the  expansion  and  diffusion  of  vortices  near  the  cavity,  although  the  effects  are  of  small 
magnitude  and  no  significant  change  of  the  vortex  formation  location  or  path  was  observed.  The 
base  cavity  effects  are  also  less  significant  at  higher  freestream  velocities  due  to  the  formation  of 
vortices  further  downstream  from  the  base.  The  base  cavity  drag  reduction  was  found  to  be  mainly 
due  to  the  displacement  of  the  base  surface  to  a  location  upstream  of  the  low-pressure  wake 
vortices,  with  only  a  slight  modification  in  the  vortex  street  itself. 
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ABSTRACT 

An  experimental  investigation  of  the  aear-wake  flowfield  downstream  of  blunt-based 
axisymmetric  bodies  in  supersonic  flow  has  been  conducted.  Using  a  blowdown-type  wind  tunnel 
designed  specifically  for  this  purpose,  experiments  were  conducted  at  a  nominal  approach  Mach 
number  of  2.5  and  a  unit  Reynolds  number  of  51  (10^)  per  meter.  Two  different  axisymmetric 
afterbodies  were  examined  in  the  study:  a  circular  cylinder  was  used  as  a  baseline  configuration, 
and  a  conical  boattailed  afterbody  with  a  boattail  angle  of  five  degrees  and  a  boattail  length  of  one 
afterbody  radius  was  used  to  investigate  the  effects  of  afterbody  boattailing  on  the  fluid  dynamic 
processes  in  the  near-wake.  Neither  afterbody  contained  a  central  jet  so  that  the  base  flowfield  in 
unpowered,  supersonic  flight  was  simulated.  The  primary  objective  of  the  research  program  was 
to  enhance  the  understanding  of  the  fluid  dynamic  processes  inherent  to  axisymmetric  base  flows 
by  obtaining  and  analyzing  detailed,  non-intrusive  experimental  data  including  flow  visualization 
photographs,  static  pressure  measurements,  and  mean  velocity  and  turbulence  data  throughout  the 
near-wake.  Of  special  significance  in  the  current  research  is  the  detailed  turbulence  information 
obtained  with  laser  Doppler  velocimetry  (LDV)  since  these  data  are  virtually  nonexistent  in 
supersonic  base  flows  and  provide  new  insight  into  the  physics  of  these  complex  flows.  In 
addition,  the  present  data  form  a  substantial  data  base  which  can  be  used  to  advance  and  improve 
theoretical  and  numerical  base  flow  modeling  techniques. 

The  static  pressure  measurements  on  the  base  and  afterbody  of  each  model  indicate  a 
relatively  constant  pressure  across  the  base  with  the  addition  of  the  boattail  resulting  in  a  decrease 
in  the  base  drag  coefficient  of  16%  firom  the  baseline  cylindrical  afterbody.  The  net  afterbody  drag 
coefficient  (boattail  +  base  contributions)  was  reduced  by  21%  which  shows  the  usefulness  of 
afterbody  boattailing  as  a  practical  method  to  reduce  afterbody  drag  in  supersonic,  axisymmetric 
flow.  The  mean  velocity  and  turbulence  fields  in  the  near-wake  of  each  afterbody  were 


investigated  with  LDV.  In  general,  the  near-wake  flowfield  can  be  characterized  by  large 
turbulence  levels  in  the  separated  shear  layer,  relatively  large  reverse  ''elocities  in  the  recirculation 
region,  and  gradual  recompression/realignment  processes  as  the  shear  layer  converges  on  the  axis 
of  symmetry.  The  shear  layer  development  was  found  to  be  dependent  on  the  conditions 
immediately  downstream  of  the  base  comer  separation  point  (upstream  history  effect). 
Furthermore,  the  centered  expansion  at  the  base  comer  reduced  the  turbulence  levels  in  the  outer 
region  of  the  shear  layer  relative  to  the  approach  boundary  layer  but  enhanced  the  mixing  and 
entrainment  along  the  fluid-fluid  interface  between  the  shear  layer  and  the  recirculating  region 
which  results  in  large  turbulence  levels  along  the  inner  edge  of  the  shear  layer.  The  shear  layer 
growth  rate  is  initially  large  due  to  substantial  mass  entrainment  from  the  recirculation  region  near 
the  inner  edge,  but  further  downstream,  a  self-similar  state  is  reached  where  growth  rates  are 
significantly  reduced.  In  general,  the  effects  of  afterbody  boattailing  on  the  near-wake  flowfield 
include  a  weaker  expansion  at  the  base  comer  separation  point  (less  distortion  of  the  shear  layer 
and  reduced  turbulence  production  near  the  inner  edge),  reduced  turbulence  intensity  and  Reynolds 
shear  stress  levels  throughout  the  near-wake  (reduced  mass  entrainment  along  the  length  of  the 
shear  layer  resulting  in  a  higher  base  pressure),  and  a  mean  velocity  field  which  is  qualitatively 
similar  to  that  of  the  cylindrical  afterbody. 


